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Il. ACT OF INCORPORATION 
No. 3170 
COMMONWEALTH OF MASSACHUSETTS 
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Sedgwick, Edward G. Gardiner, Susan Minns, Charles Sedgwick Minot, Samuel Wells, 
William G. Farlow, Anna D. Phillips, and B. H. Van Vleck have associated themselves 
with the intention of forming a Corporation under the name of the Marine Biological 
Laboratory, for the purpose of establishing and maintaining a laboratory or station for 
scientific study and investigation, and a school for instruction in biology and natural his- 
tory, and have complied with the provisions of the statutes of this Commonwealth in such 
case made and provided, as appears from the certificate of the President, Treasurer, and 
Trustees of said Corporation, duly approved by the Commissioner of Corporations, and 
recorded in this office; 


Now, therefore, I, Henry B. Pierce, Secretary of the Commonwealth of Massachu- 
setts, do hereby certify that said A. Hyatt, W. S. Stevens, W. T. Sedgwick, E. G. Gardi- 
ner, S. Minns, C. S. Minot, S. Wells, W. G. Farlow, A. D. Phillips, and B. H. Van Vleck, 
their associates and successors, are legally organized and established as, and are hereby 
made, an existing Corporation, under the name of the MARINE BIOLOGICAL LAB- 
ORATORY, with the powers, rights, and privileges, and subject to the limitations, duties, 
and restrictions, which by law appertain thereto. 


Witness my official signature hereunto subscribed, and the seal of the Commonwealth 
of Massachusetts hereunto affixed, this twentieth day of March, in the year of our Lord 
One Thousand Eight Hundred and Eighty-Eight. 

[SEAL] HENRY B. PIERCE, 
Secretary of the Commonwealth. 


Ill. BY-LAWS OF THE CORPORATION OF THE MARINE 
BIOLOGICAL LABORATORY 


I. The members of the Corporation shall consist of persons elected by the Board of 
Trustees. 


II. The officers of the Corporation shall consist of a President, Vice President, Di- 
rector, Treasurer, and Clerk. 


III. The Annual Meeting of the members shall be held on the Friday following the 
second Tuesday in August in each year at the Laboratory in Woods Hole, Massachusetts, 
at 9:30 a.m., and at such meeting the members shall choose by ballot a Treasurer and a 
Clerk to serve one year, and eight Trustees to serve four years, and shall transact such 
other business as may properly come before the meeting. Special meetings of the mem- 
bers may be called by the Trustees to be held at such time and place as may be designated. 


IV. Twenty-five members shall constitute a quorum at any meeting. 


V. Any member in good standing may vote at any meeting, either in person or by 
proxy duly executed. 
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VI. Inasmuch as the time and place of the Annual Meeting of members are fixed by 
these By-laws, no notice of the Annual Meeting need be given. Notice of any special 
meeting of members, however, shall be given by the Clerk by mailing notice of the time 
and place and purpose of such meeting, at least fifteen (15) days before such meeting. 
to each member at his or her address as shown on the records of the Corporation. 


VII. The Annual Meeting of the Trustees shall be held promptly after the Annual 
Meeting of the Corporation at the Laboratory in Woods Hole, Mass. Special meetings 
of the Trustees shall be called by the President, or by any seven Trustees, to be held at 
such time and place as may be designated, and the Secretary shall give notice thereof by 
written or printed notice, mailed to each Trustee at his address as shown on the records 
of the Corporation, at least one (1) week before the meeting. At such special meeting 
only matters stated in the notice shall be considered. Seven Trustees of those eligible to 
vote shall constitute a quorum for the transaction of business at any meeting. 

VIII. There shall be three groups of Trustees: 

(A) Thirty-two Trustees chosen by the Corporation, divided into four classes, each 
to serve four years. After having served two consecutive terms of four years each. 
Trustees are ineligible for re-election until a year has elapsed. In addition, there shall 
be two groups of Trustees as follows: 


(B) Trustees ex officio, who shall be the President and Vice President of the Cor- 
poration, the Director of the Laboratory, the Associate Director, the Treasurer, and the 
Clerk: 


(C) Trustees Emeriti, who shall be elected from present or former Trustees by the 
Corporation. Any regular Trustee who has attained the age of seventy years shall con- 


tinue to serve as Trustee until the next Annual Meeting of the Corporation, whereupon 
his office as regular Trustee shall become vacant and be filled by election by the Corpora- 
tion and he shall become eligible for election as Trustee Emeritus for life. The Trustees 
ex officio and Emeritus shall have all the rights of the Trustees except that Trustees 
Emeritus shall not have the right to vote. 

The Trustees and officers shall hold their respective offices until their successors are 
chosen and have qualified in their stead. 


IX. The Trustees shall have the control and management of the affairs of the Cor- 
poration; they shall elect a President of the Corporation who shall also be Chairman of 
the Board of Trustees and who shall be elected for a term of five years and shall serve 
until his successor is selected and qualified; and shall also elect a Vice President of the 
Corporation who shall also be the Vice Chairman of the Board of Trustees and who shall 
be selected for a term of five years and shall serve until his successor is selected and 
qualified; they shall appoint a Director of the Laboratory; and they may choose such 
other officers and agents as they may think best; they may fix the compensation and define 
the duties of all the officers and agents; and may remove them, or any of them, except 
those chosen by the members, at any time; they may fill vacancies occurring in any manner 
in their own number or in any of the offices. The Board of Trustees shall have the power 
to choose an Executive Committee from their own number, and to delegate to such Com- 
mittee such of their own powers as they may deem expedient. They shall from time to 
time elect members to the Corporation upon such terms and conditions as they may think 
best. 


X. The Associates of the Marine Biological Laboratory shall be an unincorporated 
group of persons (including associations and corporations) interested in the Laboratory 
and shall be organized and operated under the general supervision and authority of the 
Trustees. 
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XI. The consent of every Trustee shall be necessary to dissolution of the Marine Bi- 
ological Laboratory. In case of dissolution, the property shall be disposed of in such 
manner and upon such terms as shall be determined by the affirmative vote of two-thirds 
of the Board of Trustees. 


XII. The account of the Treasurer shall be audited annually by a certified public 
accountant. 


XIII. These By-laws may be altered at any meeting of the Trustees, provided that the 
notice of such meeting shall state that an alteration of the By-laws will be acted upon. 


IV. REPORT OF THE DIRECTOR 
To THE TRUSTEES OF THE MARINE BIOLOGICAL LABORATORY : 


Gentlemen: 


I submit herewith the report of the sixty-ninth session of the Marine Biological 
Laboratory. 

Since the close of World War II there have been certain developments at the 
Laboratory which have reduced the amount of research space available to summer 
investigators. It has been necessary to set aside some space formerly assigned to 
investigators for special instrumentation. Seven laboratories are now used for 
radiobiology, electron microscopy, dehumidified laboratories for special equipment 
and the personnel responsible for these services. Eight laboratories are used by 
investigators working on a year-round basis so are not available for the summer 
investigators. Thus space for about thirty summer investigators has been diverted 
to other uses. 

Every effort has been made to accommodate as many summer investigators as 
possible which has probably produced serious crowding in some areas. The estab- 
lishment of the Neuromuscular Training Program will further reduce the research 
space available for summer investigators. In recent years there has been a marked 
increase in the number of applicants for research space with many well qualified 
individuals being turned away every year. Serious consideration should be given 
to the expansion of our research facilities. At least the Laboratory should pick up 


the space lost to other activities. This can best be done by replacing the Rocke- 


feller, Botany and Old Lecture Hall with a modern brick building. Additional 
housing should be constructed at the same time to avoid over-taxing our present 


housing and dining hall facilities. 


1. Grants, Contracts and Contributions 


The total income from these sources of support amounted to $204,034.00 in 
1956. This represents 40% of the total income of the Laboratory and consists 


of the following accounts : 
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American Cancer Soc.—C26AS—Function of Nuclei and Nucleic Acids $ 18,705.00 
American Cancer Soc.—R-7F—Fundamental Studies in Radiobiology 6,600.00 
A.E.C.—At 30-1-1343—Program of Research on the Physiology of 

Marine Organisms Using Radioisotopes 8,450.00 
N.I.H.—B643C—Encephalization in Embryonic Development 2,012.00 
N.IL.H.—SA43PH 423—Investigations of the Microscopic Physiology 

of Various Forms of Living Marine Life 1,350.00 
N.I.H.—B799—Electrical and Mechanical Changes in Muscle 920.00 
N.I.H.—RG4359—Biological Research on the Morphology, Ecology, 

Physiology, Biochemistry and Biophysics of Marine Organisms ... 40,000.00 
N.I.H.—RG-—E-4513—Radiation-Induced Paralysis in Protozoa .... 14,950.00 
National Science Found.—G2142—Funds for Biological Research ... 25,000.00 
National Science Found.—G1807—Mechano-Chemical Coupling 1 

Muscle 11,500.00 
National Science Found.—G1395—Osmoregulation of Excretion i 

Tunicates 2,917.00 
National Science Found.—G2655—Structure and Function of Proteins 7,750.00 
O.N.R.—1497—Studies in Marine Biology 15,000.00 
O.N.R.—09701—Studies on Isolated Nerve Fibers 6,450.00 
O.N.R.—09702— Investigation of Environmental Factors Influencing 

Certain Marine Biological Populations in the Woods Hole area .. 5,000.00 
American Philosophical Society 2,500.00 
M. B. L. Associates 5,255.00 
Eli Lilly Company 5,000.00 
Rockefeller Foundation 20,000.00 
Upjohn Company 2,000.00 
Ciba Company 1,000.00 
Grass Trust 1,000.00 

675.00 


$204,034.00 


2. Neuromuscular Training Program 


A neuromuscular training program has been set up under the supervision of 
Dr. Stephen Kuffler, which will have a staff of three investigators and eight post- 
doctoral Fellows. This is a multidisciplinary program which will be housed in 
special quarters developed in the Crane Building. The program is being supported 
by the Public Health Service. 


3. Plant Improvements 


During the past winter the Supply Department Building was completely recon- 
structed. Extensive changes were made in the internal arrangement of the building 
which adapt it much more satisfactorily to its various functions. Included in the 
building will be a study museum containing specimens of the various forms avail- 
able in the Woods Hole area for research. Mr. Milton B. Gray, who is very well 
acquainted with the local fauna, will serve as Curator of the Museum. 
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The Crane Wing of the Brick Building was built in 1913. It has been in 
serious need of rehabilitation for the past several years. Many of the facilities 
were not adequate for much of the research currently in progress at the Laboratory, 
A request for a grant of $415,000 was made to the National Science Foundation 
to reconstruct and modernize this building. Early in this year, favorable action 
was taken by the National Science Foundation on this grant request. This recon- 
struction work will be undertaken between the 1957-1958 summer seasons. The 
resulting building should be adequate for any type of research undertaken at the 
Laboratory. 


4. Instruction 


In line with the Laboratory’s policy Dr. Bostwick H. Ketchum will retire as 
head of the Marine Ecology course, having served a five-year term. He will be 
succeeded by Dr. Eugene P. Odum of the University of Georgia. 

Dr. Stephen Kuffler has resigned as head of the Physiology course to take over 
the leadership of the Neuromuscular Training Program. He will be succeeded by 
Dr. W. D. McElroy of the Johns Hopkins University. 

The course in Marine Ecology was originally established under Dr. Ketchum’s 
direction who can take real pride in the way it has developed. Dr. Kuffler main- 
tained the course in Physiology at the high level of effectiveness which has charac 
terized it for many years. 


5. Retirements 


The Laboratory is losing the services of three of its permanent staff who have 
served the Laboratory most faithfully for many years. Mr. James MclInnis is 
retiring as Manager of the Supply Department, having served in that department 
for thirty-eight years. 

Miss Polly Crowell has been connected with the Laboratory administration for 
forty-one years and Miss Ruth Crowell with the Supply Department for thirty- 
seven years. The success of the Laboratory depends in a large measure on the 
effectiveness of its staff, of which they have been outstanding members. 


6. Deaths 


This past year the Corporation of the Marine Biological Laboratory suffered the 
loss of one of its most eminent and loyal members, in the death of Dr. B. M. Duggar. 
A memorial to Dr. Duggar will be presented at the Annual Meeting of 1957. 

At the Annual Meeting of 1956 Dr. Mary Sears read a memorial for Mrs. 
Priscilla B. Montgomery. Mrs. Montgomery was for many years the Librarian of 
the Laboratory and over the years her efforts on behalf of the Library have made 
it what it is today. Her name will always be remembered with affection and pride 
by all who knew her. 

Respectfully submitted, 


Puitie B. ARMSTRONG, 
Director 
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MEMORIAL 


PRISCILLA BRAISLIN MONTGOMERY 
by 


Mary Sears 
28 December 1874-9 August 1956 


In 1897, recent graduates of women’s colleges came to Woods Hole for summer 
courses just as they do today. Priscilla Braislin of Crosswicks, New Jersey, arrived 
from Vassar and enrolled in the Embryology Course. The next year, Thomas Harrison 
Montgomery came as an investigator and in 1900 he became an instructor in the bird 
section of the nature study course. Priscilla Braislin was back to take this course after 
three years of teaching school; the first at Howard Seminary in West Bridgewater and 
the next two at the Pratt Institute High School in Brooklyn. Following this summer, 
they became engaged and were married in Crosswicks on September 19, 1901. Within 
a few years, three sons were born, Thomas Roger in Philadelphia on July 28, 1902, Hugh 
in Austin, Texas, on April 17, 1904 and Raymond Braislin in Philadelphia on May 5, 
1910. In 1908, the young couple purchased the house on Buzzards Bay Avenue now 
owned by Norman T. Allen. No one could have foreseen then how closely the family 
was to become associated with the Woods Hole scientific community ! 

Professor Montgomery died of pneumonia on March 19, 1912, and his widow had 
to sell the Woods Hole property and go to work to support her family. At the Uni- 
versity of Pennsylvania, Mrs. Montgomery worked as an assistant to the editor of the 
Journal of Biological Chemistry, Professor A. N. Richards. In 1915, she had a fellow- 
ship in Dr. McClung’s laboratory to enable her to devote more time to work toward an 
advanced degree—work she was never able to complete. She next taught at Vassar for 
a year and then became an assistant professor at the University of Maine for the aca- 
demic year 1918-1919. While there she taught vertebrate anatomy, histology and 
embryology, as well as undertaking some original studies of her own on the embryology 
of the chick. 

Coming from a family of teachers, one might have supposed that Mrs. Montgomery 
would have continued in the family tradition, yet she had a drive and a lack of patience 
which made her temperamentally unsuited for such a career. Thus, in the fall of 1919, 
she became the “resident assistant librarian in immediate charge of the library” at the 
Laboratory, and in 1925, she was made Librarian. 

It was due mainly to Mrs. Montgomery’s respect for, and understanding of, research 
that the Library grew to its present stature. When she began in 1919 the entire Library 
had an annual budget of $2000 and was housed in Room 217 of the Crare Building. 
However, Mrs. Montgomery felt that she was assisting the work of the laboratory in a 
very real way and consequently her ambition for the Library knew no bounds. With 
persistence and the continuing help and interest of Dr. Frank R. Lillie and others, she 
accumulated an enviable collection, today consisting of some 75,000 volumes. 

Although not a trained librarian, she knew the scientists’ needs and developed an 
original, yet practical, system for filing journals, and at the same time expanded the 
reprint collection for circulation so that the journals themselves could always be available 
in the Library. On Mrs. Montgomery’s retirement at the end of 1947, she had achieved 
her goal for building an outstanding library, which will long stand as a fitting tribute 
to her memory. 
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[he building of her home on Whitman Road in 1923 marked the end of the years 
of her great personal struggle. By then her sons’ education as a future business man, 
a doctor and a meteorologist-oceanographer were nearly completed. From then on she 
had time for sociability as well as work and she will be remembered for her genuine 


hospitality by many of the summer visitors at the Laboratory from this country and 


abroad. 
1. THe Starr, 1956 


Puitip B. Armstronc, Director, State University of New York, School of Medicine, 
Syracuse 


SENIOR STAFF OF INVESTIGATION 


A. P. Matuews, Professor of Biochemistry, Emeritus, University of Cincinnati 


ZOOLOGY 
Il. CONSULTANTS 


F. A. Brown, Jr., Professor of Zoology, Northwestern University 
Lispige H. Hyman, American Museum of Natural History 
A. C. Repr1eLp, Woods Hole Oceanographic Institution 


II. INSTRUCTORS 


Tueopore H. Buttock, Associate Professor of Zoology, University of California, Los 
Angeles, in charge of course 

Joun H. Locuueap, Professor of Zoology, University of Vermont 

NorMAN A. MernxkortH, Associate Professor of Zoology, Swarthmore College 

Grover STEPHENS, Assistant Professor of Zoology, University of Minnesota 

Joun M. Anpverson, Associate Professor of Zoology, Cornell University 

Howarp A. SCHNEIDERMAN, Assistant Professor of Zoology, Cornell University 

Martin W. Jounson, Professor of Marine Biology, Scripps Inst. of Oceanography, 
University of California, La Jolla 

Morris RockstE1N, Department of Physiology, New York University, Bellevue Medical 
Center 


IIl. Lasoratory ASSISTANTS 
CHARLES H. Baxter, University of California, Los Angeles 


KeNT CHRISTENSEN, Harvard University 


EMBRYOLOGY 
I. INSTRUCTORS 


Mac V. Epps, Jr., Associate Professor of Biology, Brown University, in charge of course 
Pau B. Wetsz, Associate Professor of Biology, Brown University 

Netson T. Spratt, Jr., Professor of Zoology, University of Minnesota 

J. P. Trrnkaus, Assistant Professor of Zoology, Yale University 

Epcar ZWILLinc, Associate Professor of Genetics, University of Connecticut 


Il. LAsoratory ASSISTANT 


Rozert G. Bearp, Indiana University 
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PHYSIOLOGY 


I. CONSULTANTS 


MerKeEL H. Jacoss, Professor of Physiology, University of Pennsylvania 

Otro Loew1, Professor of Pharmacology, New York University, School of Medicine 
ArtHuR K. Parpart, Professor of Biology, Princeton University 

ALBERT SzENtT-Gyorcy1, Director, Institute for Muscle Research, Woods Hole 

E. S. GuzMAN Barron, Associate Professor of Biochemistry, University of Chicago 


II. INSTRUCTORS 


STEPHEN W. KurFr er, Associate Professor of Ophthalmology, Wilmer Institute, Johns 
Hopkins Medical School, in charge of course 
Francis D. Cartson, Assistant Professor of Biophysics, Johns Hopkins University 


Bernard D. Davis, Professor of Pharmacology, New York University, College of 
Medicine 
Er1k ZEUTHEN, Lecturer, Laboratory of Zoophysiology, University of Copenhagen 


RayMoND E. Zrrk.e, Professor of Radiobiology, University of Chicago 

HERMAN M. Katcxar, National Institutes of Health 

Max A. Laurrer, Professor and Head of Dept. of Biophysics, University of Pittsburgh 
ANDREW SzeNT-Gyorcy!, Independent Investigator, The Institute for Muscle Research 


III. Lasoratory ASSISTANT 


PauL BERNSTEIN, Department of Zoology, Columbia University 


BOTANY 
I. CONSULTANT 


Wa. RanpotpH Tay or, Professor of Botany, University of Michigan 


II. INsTRUCTORS 
Harotp C. Botp, Professor of Biology, Vanderbilt University, in charge of course 
Rospert W. Krauss, University of Maryland 
Paut C. Siirva, Assistant Professor of Botany, University of Lllinois 
IIIf. LaBoratory ASSISTANT 


Raymonp A. GALLoway, University of Maryland 
IV. CoLLecTor 


Gina Arce, Vanderbilt University 


MARINE ECOLOGY 
I. CONSULTANT 


Atrrep C. RepFiELD, Woods Hole Oceanographic Institution 
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II. INstTRUCTORS 


Bostwick H. KetcuuM, Marine Microbiologist, Woods Hole Oceanographic Institu- 
tion, in charge of course 

Epwin T. Mout, Assistant Professor of Botany, Rutgers University 

CHARLES JENNER, Associate Professor of Zoology, University of North Carolina 


III. ASSISTANT 


RupoLF SCHELTEMA, George Washington University 


THE LABORATORY STAFF, 1956 
Homer P. Smitu, General Manager 


Mrs. DeBoraAH LAWRENCE Harlow, RoBERT KAHLER, Superintendent, 
Librarian Buildings and Grounds 

CarRL SCHWEIDENBACH, Manager of Rogert B. Mitts, Manager, De- 
Supply Department partment of Research Service 


GENERAL OFFICE 


IrvINE L. BroADBENT 
Potty L. CROWELL Nancy SHAVE 
Mrs. Lira Myers GEORGIANA MARKS 


LIBRARY 


Mary E. CasTE.Lano, Assistant Librarian 
Mary A. RoHAN Naomi BotTeLtHo 
ALBERT NEAL 


MAINTENANCE OF BUILDINGS AND GROUNDS 


Rogpert ADAMS Joun HEaD 

EpMonpD BoTELHO GrorceE A. KAHLER 

ARTHUR CALLAHAN DonaLp B. LEHy 

RogBertT GUNNING ALTON J. PIERCE 
James S. THAYER 


DEPARTMENT OF RESEARCH SERVICE 


Gait M. CaAvANAUGH SEAVER HARLOW 
Joun P. Hartow PATRICIA PHILPOTT 


SUPPLY DEPARTMENT 


Rutu S. CROWELL GEOFFREY LEHY 
Mirton B. Gray Rospert O. Leuy 
Wa Ter E. KAHLER James McINNIs 
RoBERT PERRY Bruno TRAPASSO 
Patricia M. Conway H. S. WAGSTAFF 
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2. INVESTIGATORS, LALOR AND LILLIE FELLOWS, AND STUDENTS 


Independent Investigators, 1956 


Apsott, Ropinson S., Assistant Professor of Botany, Cornell University 

ApeLson, Lionet M., Research Associate, National Agricultural College 

ALLEN, Rospert Day, Assistant Professor of Zoology, University of Michigan 

AtscHer, Rutu P., Associate Professor, Manhattanville College 

Amperson, WILLIAM R., Professor of Physiology, University of Maryland School of Medicine 

ANDERSON, JOHN MAXWELL, Associate Professor of Zoology, Cornell University 

ARMSTRONG, Pur B., Professor of Anatomy, State Univ. of New York, College of Medicine 

ArnoLp, WILLIAM A., Scientific Investigator, Oak Ridge National Laboratory 

3aNG, FrepertcK B., Professor of Pathobiology, Johns Hopkins University School of Medicine 

3ENNETT, MirIAM F., Instructor of Biology, Sweet Briar College 

BENESCH, REINHOLD, Marine Biological Laboratory, Woods Hole, Massachusetts 

3ERGER, CHARLES A., Chairman, Department of Biology, Fordham University 

Bium, Harotp F., Physiologist, Princeton University 

30ETTIGER, Epwarp G., Associate Professor, University of Connecticut 

Botp, Harotp C., Vanderbilt University 

3RADY, Roscoe O., National Institute of Neurological Diseases and Blindness 

BripGMAN, ANNA J., Professor of Biology, Agnes Scott College 

Brown, FRANK A., Jr., Chairman, Dept. of Biological Sciences, Northwestern University 

3rYANT, S. H., Instructor of Pharmacology, University of Cincinnati, College of Medicine 

Buttock, THeopore H., Professor of Zoology, University of California at Los Angeles 

3UTLER, ELmer G., Professor of Zoology, Princeton University 

CAMPBELL, Mitprep A., Instructor of Zoology, Smith College 

Cartson, Francis D., Assistant Professor of Biophysics, Johns Hopkins University 

Cuaet, ALFrepD B., Instructor in Zoology, University of Maine 

CHANG, JosePH J., Instructor, Department of Biology, Brown University 

Cuase, AurIN M., Associate Professor of Biology, Princeton University 

Cueney, Ratpu Ho tt, Professor of Biology, Brooklyn College 

CLarr, C. Lioyp, Research Associate in Surgery, Harvard Medical School 

CLark, Etxiot R., Professor Emeritus of Anatomy, University of Pennsylvania 

CLeMENT, A. C., Associate Professor of Biology, Emory University 

CLowes, G. H. A., Research Director Emeritus, Lilly Research Laboratories 

CouHen, MELVIN J., Instructor in Biology, Harvard University 

CoHeN, Seymour S., Professor of Biochemistry, University of Pennsylvania 

Cote, KENNETH S., Chief, Laboratory of Biophysics, National Institutes of Health 

Cotwin, ARTHUR L., Associate Professor and Lecturer, Queens College 

Corwin, Laura H., Queens College 

CooPERSTEIN, SHERWIN J., Associate Professor of Anatomy, Western Reserve University Medi- 
cal School 

CostELLo, DonaLp P., Kenan Professor of Zoology and chairman of the Department, University 
of North Carolina 

CowciLL, Rosert W., Instructor in Biochemistry, University of California, Berkeley 

CroweE.t, Sears, Assistant Professor of Zoology, Indiana University 

Csapo, A., Rockefeller Institute for Medical Research 

DAN, JEAN CLARK, Misaki Marine Biological Station, Japan 

Davis, BERNARD D., Professor and Chairman of Pharmacology, New York University College 
of Medicine 

Dopce, FrepericK A., Jr., Graduate Fellow, Rockefeller Institute for Medical Research 

Dwyer, Joun D., Director, Department of Biology, Saint Louis University 

Epps, Mac V., Jr., Associate Professor of Biology, Brown University 

Etsen, HERMAN N., Professor of Medicine, Washington University School of Medicine 

Ettiott, ALFRED M., Professor of Zoology, University of Michigan 

FitzHucGu, RicHarp, Biophysicist, National Institutes of Health 

FREYGANG, WALTER H., S. A. Surg. (R), U. S. Public Health Service 
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GossELin, Ropert E., Assistant Professor of Pharmacology, University of Rochester, School 
of Medicine 

GREEN, James W., Associate Professor of Physiology, Rutgers University 

GREEN, Maurice, Instructor of Biochemistry, University of Pennsylvania 

GREEN, Paut B., Junior Fellow, Harvard University 

Greir, Rocer L., Associate Professor of Physiology, Cornell University Medical College 

Groscu, Danie. S., Associate Professor of Genetics, North Carolina State College 

GruNprest, Harry, Associate Professor of Neurology, College of Physicians and Surgeons 

GuttMAN, Rita, Assistant Professor of Biology, Brooklyn College 

HAGERMAN, DwalIn D., Research Fellow, Harvard Medical School 

Haciwara, S., Visiting Scientist, National Institutes of Health 

Harvey, Erne. Browne, Research in Biology, Princeton University 

Harvey, E. Newton, Professor of Physiology, Princeton University 

Hayasul, Teru, Associate Professor of Zoology, Columbia University 

Haywoop, CHARLOTTE, Professor of Physiology, Mount Holyoke College 

HEILBRUNN, L. V., Professor of Zoology, University of Pennsylvania 

HENLEY, CATHERINE, Research Associate, University of North Carolina 

Hervey, Joun P., Electronic Engineer, Rockefeller Institute for Medical Research 

Houz, Georce G., Jr., Assistant Professor of Zoology, Syracuse University 

Ho.trzer, Howarp, Assistant Professor of Anatomy, University of Pennsylvania Medical School 

Howarp, Rosert S., Assistant Professor of Biological Sciences, University of Delaware 

Hunter, F. R., Assistant Professor, Roosevelt University 

Hype, Beat B., Assistant Professor of Plarit Sciences, University of Oklahoma 

Jacoss, WILLIAM P., Associate Professor, Princeton University 

Jenkins, Georce B., Professor Emeritus of Anatomy, George Washington University 

JENNER, CHARLES \ssociate Professor of Zoology, University of North Carolina 

Jounson, Frank H., Associate Professor of Biology, Princeton University 

Jounson, Martin W., Professor of Marine Biology, Scripps Institution of Oceanography 

KALCKAR, HERMAN M.., Visiting Scientist, National Institutes of Health 

KARUSH, Frep, Associate Professor of Immunology, The Children’s Hospital of Philadelphia 

Kao, C. Y., Rockefeller Institute for Medical Research 

KARLSON, Peter, Max-Planck Institut fir Biochemi, Tiibingen, Western Germany 

Kemp, NorMAn E., Assistant Professor of Zoology, University of Michigan 

Kempton, Rupoir T., Professor and Chairman, Department of Zoology, Vassar College 

KEOSIAN, JoHN, Professor of Biology, Rutgers University 

Kinp, C. ALBert, Assistant Professor of Biochemistry, University of Connecticut 

Kietnnouz, L. H., Professor of Biology, Reed College 

Kxiorz, IrvinG M., Professor of Chemistry and Biology, Northwestern University 

KosteLtow, Apece B., Damon Runyon Fellow, Albert Einstein College of Medicine 

KRAHL, Maurice E., Professor of Physiology, University of Chicago 

LANSING, ALBert I., Professor of Anatomy, Emory University 

LAUFFER, MAx A., Professor and Head of Dept. of Biophysics, University of Pittsburgh 

Lavoir, Marcec E., Instructor in Zoology, University of New Hampshire 

Lazarow, ARNOLD, Professor and Head of Dept. of Anatomy, University of Minnesota 

Lees, A. D., Principal Scientific Officer, Agricultural Research Council Unit of Insect Physi- 
ology, England 

-EHMANN, Fritz E., Professor of Zoology, University of Berne, Switzerland 

-EVINE, LAWRENCE, Instructor of Zoology, Wayne University 

-EWIN, RALPH A., Grantee, National Institutes of Health 

OCHHEAD, JOHN H., Professor of Zoology, University of Vermont 

ORAND, LaszLo, Assistant Professor of Chemistry, Northwestern University 


E., 


OVELACE, Roperta, Assistant Professor of Biology, University of South Carolina 

UBIN, MarTIN, Associate in Pharmacology, Harvard Medical School 

Lumps, Erne: Sue, Assistant Professor of Zoology, Vassar College 

Lyncu, WiL.1AM F., Professor of Biology, St. Ambrose College 

Maas, WERNER K., Assistant Professor of Pharmacology, New York University College of 
Medicine 

MarsHAK, ALFrrep, Marine Biological Laboratory, Woods Hole, Massachusetts 


I 
I 
I 
I 
I 
I 
I 
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MarRSLAND, Dovuctas, Professor of Biology, Washington Square College, New York University 

MertnxotH, NorMAN A., Associate Professor of Biology, Swarthmore College 

MENKIN, VaALy, Head of Experimental Pathology, Agnes Barr Chase Foundation, Temple 
University 

Metz, Cuartes B., Associate Professor of Zoology, Florida State University 

Monroy, ALBERTO, Professor of Comparative Anatomy, University of Palermo, Italy 

Moore, Joun W., Associate Chief, Laboratory of Biophysics, National Institutes of Health 

Muturns, L. J., Associate Professor of Biophysics, Purdue University 

MusaccuiA, X. J., Associate Professor of Biology, St. Louis University 

Nace, Paut Fotey, Associate Professor of Anatomy, New York Medical College 

NeepLeR, Mary E., Graduate Student and Demonstrator, University of Toronto 

OsterHouT, W. J. V., Rockefeller Institute for Medical Research 

PARKER, JOHNSON, Assistant Professor of Botany, University of Idaho 

Parpart, ARTHUR K., Professor and Chairman, Department of Biology, Princeton University 

Paterson, MABEL, Instructor in Zoology, Vassar College 

Person, Puiwip, Chief, Dental Research, V. A. Hospital 

PrercE, MADELENE E., Professor of Zoology, Vassar College 

PLtoucH, Harotp H., Professor of Biology, Amherst College 

Proctor, NATHANIEL K., Professor of Biology, Morgan State College 

Prosser, C. Lapp, Professor of Physiology, University of Illinois 

RatiFF, FLoyp, Rockefeller Institute for Medical Research 

Ray, Cuartes, Assistant Professor of Biology, Emory University 

ResHuN, Lionet I., Instructor in Anatomy, University of Illinois 

Reep, CLarK P., School of Hygiene, Johns Hopkins University 

RocksTEInN, Morris, Associate Professor of Physiology, New York University College of 
Medicine 

Rocers, K. T., Assistant Professor of Zoology, Oberlin College 

ROSENTHAL, THEODORE B., Associate Professor of Anatomy, Emory University 

Rossi, Harotp H., Associate Professor of Radiology, College of Physicians and Surgeons 

Rotn, Jay S., Associate Professor of Biochemistry, Hahnemann Medical College 

Rucu, Roserts, Associate Professor of Radiology, Columbia University 

SarorF, H. A., Scientist, USPHS, National Institutes of Health 

ScHARRER, Ernst A., Professor and Chairman of Dept. of Anatomy, Albert Einstein College of 
Medicine 

SCHECHTER, Victor, Associate Professor of Biology, City College of New York 

SCHNEIDERMAN, Howarp A., Assistant Professor of Zoology, Cornell University 

ScuuH, Joseru E., Assistant Professor of Biology, St. Peter’s College 

Scott, Dwicut B. McNarr, Assistant Professor of Biochemistry, University of Pennsylvania 

Scott, Sister FLoreNcE M., Professor of Biology, Seton Hill College 

Scott, Georce T., Professor of Zoology, Oberlin College 

SenFT, ALFRED W., Falmouth Medical Associates 

SHANES, ABRAHAM M.., Physiologist, National Institutes of Health 

Sirva, Paut C., Assistant Professor of Botany, University of Illinois 

Suirer, ELEANor H., Associate Professor of Zoology, State University of Iowa 

Spee, Cart C., Professor and Chairman of Anatomy Dept., University of Virginia Medical 
School 

Spratt, Netson T., Professor of Zoology, University of Minnesota 

SPYROPOULOS, CONSTANTINE, National Institutes of Health 

STEARNS, Ricuarp N., Instructor in Physiology, Albert Einstein College of Medicine 

STEELE, Ricuarp H., Visiting Investigator, Muscular Dystrophy Associations of America, Inc. 

STEFANELLI, ALBERTO, Director, Universita di Rome 

STEINBERG, Matcoim S., Graduate Student, University of Minnesota 

STEPHENS, Grover C., Assistant Professor of Zoology, University of Minnesota 

StuNKARD, Horace W., Fishery Research Biologist, New York University 

SturTEvANT, ALFreD H., Professor of Genetics, California Institute of Technology 

Szent-Gyorcy1, ALBERT, Marine Biological Laboratory, Woods Hole, Mass. 

Szent-GyorcGy1, ANDREW, Research Associate, Marine Biological Laboratory, Woods Hole, Mass. 

TasakI, I., Chief, Section on Special Senses, National Institutes of Health 
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Taytor, WILLIAM RANDOLPH, Professor of Botany, University of Michigan 

Toxay, Expert, Associate Professor of Physiology, Vassar College 

Trinkaus, J. P., Assistant Professor of Zoology, Osborn Zoological Laboratory, Yale University 

Tyter, Davin B., Professor of Pharmacology and Director of Department, University of Puerto 
Rico, School of Medicine 

Uretz, Rosert B., Instructor in Biophysics, University of Chicago 

DEVILLAFRANCA, GEORGE W., Assistant Professor of Zoology, Smith College 

VILLee, CLAuDE A., Assistant Professor of Biochemistry, Harvard Medical School 

Vincent, W. S., Instructor in Anatomy, Upstate Medical Center, State University of New York 

Wess, H. MarGuerirteE, Assistant Professor of Physiology, Goucher College 

Welsz, Paut B., Associate Professor of Biology, Brown University 

Wuitinc, ANNA R., Lecturer in Zoology, University of Pennsylvania 

Wurttnc, P. W., Professor of Zoology Emeritus, University of Pennsylvania 

WICHTERMAN, Ra.pH, Professor of Biology, Temple University 

WIERCINSKI, FLoyp J., Assistant Professor of Physiology, Hahnemann Medical College 

Wiser, Cuares G., Chief, Comparative Physiology Branch, Army Chemical Center 

Wuey, C. H., Chairman, Department of Biology, New York University, University College 

Witson, T. G., Research Associate, Princeton University 

Witson, WALTER L., Assistant Professor of Physiology and Biophysics, College of Medicine, 
University of Vermont 

Woorton, DonaLp M., Woods Hole, Mass. 

WHITTENBERG, JONATHAN B., Assistant Professor of Biochemistry, Albert Einstein College of 
Medicine 

ZEUTHEN, Erik, Lecturer, University of Copenhagen 

ZIMMERMAN, ARTHUR M., Research Associate, Washington Square College, New York Uni- 
versity 

ZIRKLE, RAYMOND E., Professor of Radiology, University of Chicago 

ZweliFracuH, B. W., Associate Professor of Pathology, New York University College of Medicine 

ZWILLING, EpGar, Associate Professor of Genetics, University of Connecticut 


Beginning Investigators, 1956 


AMENTA, PETER S., Pre-doctoral Student, University of Chicago 

Baxter, CHARLES H., Teaching Assistant, University of California at Los Angeles 
Bearp, Rosert G., Graduate Student, Indiana University 

Davipson, Marcaret E., Demonstrator-Curator in Zoology, McGill University 
Friz, Cart T., Research Assistant, University of Minnesota 

Honeccer, Caro, M., Graduate Student, University of Pennsylvania 

KANE, Ropert Epwarp, Graduate Student, Johns Hopkins University 
KuRAHASHI, KiyosuHI, Research Fellow, National Institutes of Health 

Laris, Puiwip C., Graduate Student, Princeton University 

Levin, CLINTON N., Student, New York University College of Medicine 

Moos, Cart, Research Associate, Northwestern University 

MorriLt, Joun B., Graduate Student, Florida State University 

NEWMAN, ANNA E., Research Fellow, Western Reserve University 

PuGno, SANpDRA L., Post-doctoral Fellow, Yale University 

REIMER, STANLEY M., Graduate Student, Rutgers University 

SteveENSON, J. Ross, Graduate Student, Northwestern University 

Tay_or, Rosert E., Research Physiologist, National Institutes of Health 
Tucker, Marte, Graduate Student, University of Illinois 

Tunik, Bernarp D., Graduate Student, Columbia University 

W ugar, Ropert W., Research Fellow, National Institutes of Health 


Research Assistants, 1956 


ApaMs, TERRY, 86 Chestnut Street, Boston 8, Massachusetts 
Arce, Gina, Vanderbilt University 

Batrp, SPENCER, Institute for Muscle Research 

Barner, Hazet, Children’s Hospital of Philadelphia 





REPORT OF THE DIRECTOR 


BERNSTEIN, Paut W., New York University College of Medicine 
Brown, Rosert A., Northwestern University 

CaGLE, JULIEN, Princeton University 

CRANSTON, MARGARET B., Radcliffe Graduate School 

CuULLERTON, JOHN M., University of Pennsylvania 

Davis, Rocer E., University of Wisconsin 

Drake, JoHN W., California Institute of Technology 

ErpMAN, Howarp E., North Carolina State College 

Finck, Henry, University of Pennsylvania School of Medicine 
GorMAN, Donap J., New York University Medical School 
GREENLEES, JANET, Rutgers University 

HarscH, Mary, Rutgers University 

HocucraF, HELEN, Smith College 

KARREMAN, GEORGE, Research Associate, Institute for Muscle Research 
Kocet, Joan, Albert Einstein College of Medicine 

Kramer, ALAN D., New York University School of Medicine 
KurvLanp, Cuar.es G., Cornell University 

Lams, GreorGE A., State University of New York Medical School at Syracuse 
Lancer, Ira J., State University of New York Medical School at Syracuse 
LauriE, Joun S., Johns Hopkins University 

LevINE, Lenore S., New York University School of Medicine 
LICHTENSTEIN, JANET, Children’s Hospital of Philadelphia 

Logs, TrmotHy, Reed College 

McLauGHLIN, JANE A., Institute for Muscle Research 

Matueson, Ga E., Yale University 

Mupp.esrook, W. R., Institute for Muscle Research 

Mrinoioul, ErizapetuH S., New York University College of Medicine 
PALMER, RoGer Fartey, Florida State University 

Puivpott, De.sert E., Research Associate, Institute for Muscle Research 
OBERLANDER, Marcia I., State University of New York College of Medicine at Syracuse 
OutKa, Darryty E., University of California 

Priurcer, Otto H., Reed College 

Reicu, Metvin, Rutgers University 

ROSENTHAL, ELIZABETH, National Institutes of Health 

Ross, SAMUEL M., Brooklyn College 

Rowe, Epwarp C., University of Michigan 

SHRINER, JOAN, Northwestern University 

Siz, Epwarp, Princeton University 

SMILEY, SHELDON, State University of New York 

SmitH, Zoe HoLtincswortH, North Carolina State College 
SPERELAKIS, Nick, University of Illinois 

Strauss, Paut H., New York University College of Medicine 
STRICKHOLM, ALFRED, University of Minnesota 

Szent-Gyorcy1, Eva, Institute for Muscle Research 

SzeNntT-GyorcGy!I, Marta, Institute for Muscle Research 

Vozick, MicuaeLt W., Columbia University 


Library Readers, 1956 


Batt, Eric G., Professor of Biological Chemistry, Harvard Medical School 

3ENTLEY, RONALD, Assistant Professor of Biochemistry, University of Pittsburgh 

30DANSKY, Oscar, Chief, Clinical Biochemistry, Sloan-Kettering Institute 

BRAITENBERG, VALENTINE, Yale Medical School 

Cuace, Joun A., Kirksville College of Osteopathy and Surgery 

DEANE, HELEN W., 387 Harvard Street, Cambridge 38, Massachusetts 

Drxon, F. J., Jr., Professor and Chairman Department of Pathology, University of Pittsburgh 
School of Medicine 

DorFMAN, ALBERT, Associate Professor of Pediatrics, University of Chicago 
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Freunp, Jutes, Chief, Division of Immunology, The Public Health Research Institute of New 
York 

Fries, E. F. B., Associate Professor, The City College of New York 

GasriEL, Morpecal L., Associate Professor of Biology, Brooklyn College 

Grnsserc, Harovp S., Associate Professor of Preventive Medicine, Western Reserve University, 
School of Medicine 

Gass, H. Benttey, Professor of Biology, Johns Hopkins University 

Guasser, Ricnarp L., University of Maryland 

GoLpMAN, STANFORD, Professor of Electrical Engineering, Syracuse University 

GotptHwalt, Davi A., Senior Clinical Instructor in Medicine, Western Reserve University 

Grant, Puivip, Research Associate, Department of Embryology, Institute for Cancer Research 

GUDERNATSCH, FREDERICK, Cornell University Medical College 

GuREWICH, VLADIMIR, Associate Visiting Physician, Bellevue and Metropolitan Hospitals 

Hersert, Epwarp, Instructor in Biology, Massachusetts Institute of Technology 

Jacoss, M. H., Professor Emeritus of General Physiology, University of Pennsylvania 

Kasat, Ervin A., Professor of Microbiology, Columbia University 

Koun, Rosert R., Research Fellow, Benjamin Rose Hospital 

Letn, ALLEN, Associate Professor of Physiology, Northwestern University Medical School 

Levy, ArTHUR L., Research Biochemist, St. Vincent’s Hospital 

LEVINE, RACHMIEL, Chairman, Department of Medicine, Michael Reese Hospital 

Linc, Grtpert N., Assistant Professor of Neurophysiology, University of Illinois 

Loew!, Orro, Research Professor of Pharmacology, New York University-Bellevue Medical 
Center 

Love, Lors H., Research Associate, National Research Council 

McDona.p, Sister ExvizasetH, Chairman, Department of Biology, College of Mt. St. Joseph 

Pick, JosepH, Associate Professor in Anatomy, New York Untversity-Bellevue Medical Center 

RENNIE, DonaLtp W., Research Fellow, Harvard University School of Medicine 

Root, WALTER S., Professor of Physiology, College of Physicians and Surgeons 

Rose, S. Meryt, Professor of Zoology, University of Illinois 

Rustin, Saut H., Director, Pharmaceutical and Biochemical Research, Hoffmann-La Roche 

Scott, ALLAN, Chairman, Department of Biology, Colby College 

Scott, Tuomas F. M., Research Professor of Pediatrics, Children’s Hospital 

StockKarp, ALFrrep H., Professor of Zoology, University of Michigan 

SULKIN, S. Epwarp, Professor and Chairman, Department of Microbiology, University of Texas 
Southwestern Medical School 

Swirt, Hewson, Associate Professor of Zoology, University of Chicago 

Teas, Howarp J., Plant Physiologist, Federal Experiment Station, Mayaguez, Puerto Rico 

Trurnit, Hans J., Member of the Scientific Staff, R. I. A. S., Baltimore 

Ty ter, ALBERT, Professor of Embryology, California Institute of Technology 

Vets, ArtHUR, Research Chemist, Armour and Company 

Visuniac, Wo tr, Assistant Professor of Microbiology, Yale University 

WalInio, WALTER W., Associate Professor of Biochemistry, Rutgers University 

WATERMAN, ALLYN J., Professor of Biology, Williams College 

Warner, Rosert C., Associate Professor of Biochemistry, New York University College of 
Medicine 

Wuee er, Georce E., Instructor in Biology, Brooklyn College 

YNTEMA, CHESTER L., Professor of Anatomy, State University of New York College of Medicine 


















































Lalor Fellows, 1956 







S. H. Bryant 
M. CoHEN 

M. GREEN 

P. Gross 

D. HAGERMAN 
P. KaRLSON 
L. LEVINE 
A. Lees 
W. Maas 
L. REBHUN 
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Lillie Fellow, 1956 
A. STEFANELLI 
Students, 1956 


BOTANY 


Apair, ELizaBetH J., Yale University 
ANDERSON, Ropert G., University of Nebraska 
CorNETT, MARGARET E., Radcliffe College 

Dick, STANLEY, Brooklyn College 

FELITTI, VINCENT J., Dartmouth College 

Forses, Patricta R., Acadia University 

Korn, Rospert W., Marquette University 
LaureNcot, Henry J., Jr., Fordham University 
Linn, ErizasetH A., Wellesley College 

McLeop, Guy C., Waquoit, Massachusetts 

Posey, JANET A., West Virginia University 
SMALLEY, ALFRED E., University of Georgia 
Spyripes, GeorGce J., Dartmouth College 

TALAMO, RicHARD CHARLES, Harvard University 
Warp, VERNON U., Dartmouth College 
Wuirtier, DEAN Pace, University of Massachusetts 
Witsots, ANNETTE D., Indiana University 
Wittson, Dawn L., University of Oklahoma 


EMBRYOLOGY 


Axssott, JOAN, Washington University 
Bascock, Ricuarp G., University of Michigan 


Brice, MartHa C., Oberlin College 

Butt, Autce Loutse, Wellesley College 

3URKE, JOSEPH A., S.J., Fordham University 
CHAUBE, SHAKUNTALA, Osborn Biological Laboratory 
CoLEMAN, JOHN R., Indiana University 
DeCosta, Mart J., Radcliffe College 

Fitosa, MICHAEL F., Princeton University 
FuLton, CHANDLER M., Brown University 
Giasser, Jay H., University of Connecticut 
Hinscu, GERTRUDE W., Iowa State College 
HOLLENBACK, JAMES G., Marquette University 
Huver, Cuartes W., University of Wisconsin 
Katou, ARTHUR K., University of Illinois 
Kinyon, Nancy, Northwestern University 
LAUFER, Hans, Cornell University 

McDowe Lt, James W., Dartmouth College 
Outten, Lora M., Cornell University 

PauL, SISTER CLARENCE, St. John’s University 
Rarr, Net C., Amherst College 

Ray, Frances L., Columbia University 
RoBinson, JAMES ALAN, Wesleyan University 
ROTHMAN, MAXINE, Indiana University 
Ruccieri, GeorGce D., S.J., St. Louis University 
STEINMULLER, Davin, Swarthmore College 
Tsat, Lie Sua, Yale University 

TWEEDELL, JoAN E. Werser, University of Maine 


PHYSIOLOGY 


Bape, Maria L., Omaha, Nebraska 
3AUMAN, NorMAN, New York University College of Medicine 
3RAND, EuGEeNE D., University of Virginia 
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CAMPBELL, JAMES W., University of Oklahoma 
CHRISTIENSEN, ALBERT K., Harvard University 
Cuark, Exotse E., University of North Carolina 

Evans, Davin R., Johns Hopkins University 

Go.psTEIN, JupIrH H., Harvard University 

GONZALEZ, Marta, University of Sao Paulo, Brazil 

Gorvon, Marta F., Cox Institute, Pennsylvania University 
Greene, Lewis J., Rockefeller Institute for Medical Research 
Gross, Rutu T., Stanford University Medical School 

Kim, Soon Won, Columbia University 

Kostyo, Jack L., Cornell University 

LeNHERT, Paut G., Johns Hopkins University 

NewMAN, ANNA E., Western Reserve University 

Paik, Woon Ki, Dalhousie University 

Pucno, SANpDRA L., Osborn Zoological Laboratory 

Ruark, Marcaret A., Yale University 

ScHoo.tey, CAROLINE N., University of California 

Scnootey, JoHN C., University of California 

Scuwartz, JAMES H., New York University College of Medicine 
Situ, GENEVA A., Mount Holyoke College 

Temin, Howarp M., California Institute of Technology 

TueEts, Rocer Exvtiot, Harvard University 

TrncG, Rosert C. Y., Amherst College 

Witt, Frep H., Indiana University 

YAMAMOTO, Rosert T., University of Illinois 

Younc, Rospert R., Yale University 

Zorzo.i, ANITA, Vassar College 


























INVERTEBRATE ZOOLOGY 






ANpbrREWS, Frep B., Indiana University 
BarREN, Cart F., Brooklyn College 
Barto, Roserta B., Dunbarton College 

Bincuam, Euta L., University of Cincinnati 

Bisnop, ALtson, Cornell University 

Boonar, RicHarp K., Drew University 

Burcer, CHartes L., University of Illinois 

CHAMBERLAIN, NorMAN A., University of North Carolina 
CLarK, Georce A., Amherst College 

Co.iiier, Nancy V., Goucher College 

Douctias, Donan, Oberlin College 

Dow Linc, RicHarp A., State University of Iowa 

E1cer, Joan V., Harvard University 

E.uts, Joun F., Amherst College 

Fiore, Cart, Fordham University 

FLEISCHMAN, JULIAN B., Harvard University 

Forp, E.ttzasetnH, Washington University 

Friep_, FRANK Epwarp, University of Minnesota 
GoLpBERG, Morton F., Harvard College 

GoupsmIT, EstHer M., University of Michigan 

GuIcnon, Ernest F., Washington and Jefferson College 
HamMMeER, Beverty A., Randolph-Macon Woman’s College 
HamMMonps, JOANNE, Chatham College 

HARMON, WALLACE, Syracuse University 

HARMAN, WALTER J., University of Illinois 

HENpRICKS, FreDERICK B., DePauw University 

Hicuar, Josepu K., Harvard University 

Hotes, WILLIAM F., University of Pennsylvania 

Ho.t, KATHLEEN, Western Maryland College 
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Huser, Ivan, University of Maryland 

Jotine, LAuRENcE T., Washington University 
KANWISHER, JOAN T., Woods Hole, Mass. 
KARAKASHIAN, STEPHEN, Drew University 
KircHEN, Rosert V., University of Michigan 
KouKIDES, MELPOMENI, University of Pennsylvania 
LASSEN, Ina, Elmira College 

Lonpon, ABRAM M., Harvard University 
McNas, Brian K., University of Wisconsin 
Morrat, Grace H., City College of New York 
Morrow, Cyntuia J., Tufts College 

Pius, Mary E., Vassar College 

PurpPLe, RicHarp, Hamilton College 
RABINOWITCH, Victor, University of Illinois 
REPPERT, JERE ANNE, Goucher College 
ROBERTSON, RosBert, Harvard University 
SCHAEFER, Cart W., II, Oberlin College 
SCHEUING, MARILYN R., State Medical School 
Spock, MIcHAEL, Antioch College 

SULLIVAN, HELEN M., Marquette University 
aus, STEPHEN, Indiana University 

[ayLor, Ropert E., University of Delaware 
lerFt, Epwin R., Fordham University 
Tester, RutH E., Hunter College 

Wuarton, THALIA J., Mount Holyoke College 
Yesarr, Davin W., Cornell University 


ECOLOGY 


FERSAHL, SISTER JOHN Baptist, Fordham University 
Foster, WALTER S., Colby College 

Gates, JoHN O., Cornell University 

GILBERT, ANN C., Columbia University 

HIRCHINSON, VIVIENNE, Mount Holyoke College 
Jones, SARAH R., Connecticut College 

STRELECKI, RAYMOND F., Drew University 

Van Dyk, N. JoANNE, University of New Hampshire 
WEINSTOCK, AMMON, Brandeis University 


3. FELLOWSHIPS AND SCHOLARSHIPS, 1956 


Arsenious Boyer Fellowship: 
FATHER WM. LyNncuH 


Lucretia Crocker Scholarship: 
RoBert ANDERSON, Botany Course 
N. JoANNE Van Dyk, Ecology Course 
The Gary N. Calkins Scholarship: 
Rosert Ropertson, Invertebrate Zoology Course 


The Edwin Grant Conklin Scholarship: 
Hans Laurer, Embryology Course 


Emma Coote Drew Scholarship: 
EtoisE Ciark, Physiology Course 
Bio Club Scholarship: 
Grace Morratt, Invertebrate Zoology Course 


The Edwin Linton Scholarship: 
Ernest GUIGNON, Invertebrate Zoology Course 
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4. TABULAR VIEW OF ATTENDANCE, 1952-1956 


INVESTIGATORS—TOTAL . 
Independent 
Under Instruction 
Library Readers 
Research Assistants 

STuDENTS—TOTAL .. 
Zoology 
Embryology 
Physiology . 
Botany 
Ecology 

ToraL ATTENDANCE 


1952 1953 1954 
310 208 
176 180 

20 
52 
46 
134 
56 
29 
28 
12 


9 


Less persons represented as both students and inves- 


tigators 


INSTITUTIONS REPRESENTED—TOTAL ........... 


By investigators 
By students 

SCHOOLS AND ACADEMIES REPRESENTED 
By investigators 
By students 

FOREIGN INSTITUTIONS REPRESENTED 
By investigators 
By students 


5. COOPERATING AND SUBSCRIBING INSTITUTIONS, 1956 


Cooperating Institutions 


Amherst College 

American Cancer Society 

American Philosophical Society 

Brooklyn College 

Brown University 

Bryn Mawr College 

California Institute of Technology 

Children’s Hospital of Philadelphia 

City College of New York 

Colby College 

College of Mt. St. Joseph on the Ohio 

Columbia University 

Columbia University, College of Physicians 
and Surgeons 

Cornell University 

Cornell University Medical School 

Duke University 

Elmira College 

Emory University 

Florida State University 

Fordham University 

Grass Foundation 

Hahnemann Medical College 

Harvard University 

Harvard University Medical School 


Indiana University 

Institute for Cancer Research 

Institute for Muscle Research 

Johns Hopkins University 

Johns Hopkins University Medical School 

Lalor Foundation 

Eli Lilly and Company 

Marquette University 

Morgan State College 

Mount Holyoke College 

National Institutes of Health 

National Science Foundation 

New York University—Heights 

New York University, College of Medicine 

New York University—Washington Square 
College 

North Carolina State College 

Northwestern University 

Oberlin College 

Office of Naval Research 

Princeton University 

Public Health Institute of New York 

Rockefeller Foundation 

Rockefeller Institute for Medical Research 

Rutgers University 
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Saint Louis University 

Sloan-Kettering Institute 

Southwestern Medical College 

State University of Iowa 

State University of New York, College of 
Medicine, at Syracuse 

Syracuse University 

Temple University 

Tufts College 

University of Chicago 

University of Connecticut 

University of Illinois 

University of Maryland School of Medicine 

University of Michigan 

University of Minnesota 
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University of Pennsylvania 

University of Pennsylvania Medical School 
University of Pittsburgh 

University of Rochester 

University of Virginia, School of Medicine 
University of Wisconsin 

Vassar College 

Washington University 

Washington and Jefferson College 
Wellesley College 

Wesleyan University 

Western Reserve University 

Yale University 

Yale University Medical School 


Subscribing Institutions 


Acadia University 

Armour and Company 

Brandeis University 

Chatham College 

City College of New York 

Drew University 

Albert Einsteirt College of Medicine 
Ethicon Corporation 

Falmouth Medical Associates 
Goucher College 

Hamilton College 

House of Good Samaritan 

Hunter College 

Massachusetts Institute of Technology 


National Agricultural College 
Purdue University 

Michael Reese Hospital 

Smith College 

University of California 
University of Florida 

University of Maine 

University of Massachusetts 
University of New Hampshire 
University of Oklahoma 
University of Puerto Rico 
University of Vermont 

Veterans Administration Hospital 
Washington University School of Medicine 


6. Eventne Lectures, 1956 


June 29 
DANIEL Mazia 
July 6 
DonaLp R. GRIFFIN 
July 13 
Harry GRUNDFEST 
July 20 
VINCENT DU 
July 27 
W. D. McELroy 


VIGNEAUD 


August 3 
Pe as 


EHMANN 


August 10 

V. B. Wi1GGLESworRTH 
August 17 

ALBERTO STEFANELLI 
August 24 

KeitH R. Porter 


“Processes in cell reproduction” 
“Listening in the dark” 


“The different kinds of electrical responses 
and their significance to the organism” 


“The posterior pituitary hormones” 


“Recent developments in the biochemistry 
of light emission” 


“Cytoplasmic organization and _ develop- 
mental physiology of the egg of Tubifex” 


“The insect cuticle” 
“The life cycle of neurons” 


“The submicroscopic morphology of proto- 
plasm” 
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7. TuEsDAY EVENING SEMINARS, 1956 


July 10 
Joan Wo rr and Roserts Rucu ......“The relation of gonad hormones to x-ir- 
radiation sensitivity in mice” 
Paut R. Gross ...." Amphibian yolk: chemistry and ultrastruc- 
ture” 
Sytvan Nass atkca ae areas “Amphibian yolk: the phosphoprotein phos- 
phatase system” 


8. MEMBERS OF THE CORPORATION, 1956 
1. Lire MEMBERS OF THE CORPORATION 


Bropie, Mr. Donatp M., 522 Fifth Avenue, New York 18, New York 
Ca.LvertT, Dr. PuIip P., University of Pennsylvania, Philadelphia, Pennsylvania 
Carver, Dr. Gait L., Mercer University, Macon, Georgia 

Core, Dr. ELBert C., 2 Chipman Park, Middlebury, Vermont 

Cownpry, Dr. E. V., Washington University, St. Louis, Missouri 

DepereR, Dr. PAULINE H., Connecticut College, New London, Connecticut 
Duneay, Dr. Nett S., Carleton College, Northfield, Minnesota 

Gotprors, Dr. A. J., College of the City of New York, New York City, New York 
KNow_rTon, Dr. F. P., 1356 Westmoreland Avenue, Syracuse, New York 
Lewis, Dr. W. H., Johns Hopkins University, Baltimore, Maryland 
LowTHER, Dr. FLORENCE DEL., Barnard College, New York City, New York 
MacNaucuat, Mr. Franx M., Woods Hole, Massachusetts 

Mavone, Dr. E. F., 6610 North 11th Street, Philadelphia 26, Pennsylvania 
Means, Dr. J. H., 15 Chestnut Street, Boston, Massachusetts 

Moore, Dr. GEorGE T., Missouri Botanical Gardens, St. Louis, Missouri 
Moore, Dr. J. Percy, University of Pennsylvania, Philadelphia, Pennsylvania 
PayNE, Dr. FERNANDUS, Indiana University, Bloomington, Indiana 

Porter, Dr. H. C., University of Pennsylvania, Philadelphia, Pennsylvania 
Rices, Mr. Lawrason, 74 Trinity Place, New York 6, New York 

Scott, Dr. Ernest L., Columbia University, New York City, New York 
Turner, Dr. C. L., Northwestern University, Evanston, Illinois 

Waite, Dr. F. G., 144 Locust Street, Dover, New Hampshire 


2. REGULAR MEMBERS 


ABELL, Dr. Ricuarp G., 7 Cooper Road, New York City, New York 

Apams, Dr. A. EL1zABetTH, Mount Holyoke College, South Hadley, Massachusetts 

Appison, Dr. W. H. F., 286 East Sidney Avenue, Mount Vernon, New York 

Apo_pH, Dr. Epwarp F., University of Rochester, School of Medicine and Den- 
tistry, Rochester, New York 

ALBERT, Dr. ALEXANDER, Mayo Clinic, Rochester, Minnesota 

ALLEN, Dr. M. Jean, Dept. of Biology, Wilson College, Chambersburg, Pennsyl- 
vania 

ALLEN, Dr. Rosert D., Dept. of Biology, Princeton University, Princeton, New 
Jersey 

AtscHER, Dr. Rutu, Dept. of Physiology, Manhattanville College, Purchase, 
New York 
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AmBErsON, Dr. WILLIAM R., Dept. of Physiology, University of Maryland School 
of Medicine, Baltimore, Maryland 

Anperson, Dr. J. M., Dept. of Zoology, Cornell University, Ithaca, New York 

ANDERSON, Dr Rusert S., Medical Laboratories, Army Chemical Center, Mary- 
land (Box 632, Edgewood, Maryland) 

ANpERSON, Dr. T. F., c/o Dr. A. Lurff, Institut Pasteur, 28 Rue du Dr. Roux, 
Paris X Ve, France 

ARMSTRONG, Dr. Puicip B., State University of New York College of Medicine, 
Syracuse 10, New York 

Atwoop, Dr. KimBatt C., 6814 Outer Drive, Oak Ridge, Tennessee 

Austin, Dr. Mary L., Wellesley College, Wellesley, Massachusetts 

Ayers, Dr. Joun C., Dept. of Zoology, University of Michigan, Ann Arbor, 
Michigan 

BAITSELL, Dr. Greorce A., Osborn Zoological Laboratory, Yale University, New 
Haven, Connecticut 

Baker, Dr. H. B., Zoological Laboratory, University of Pennsylvania, Philadel- 
phia, Pennsylvania 

Batt, Dr. Eric G., Dept. of Biological Chemistry, Harvard University Medical 
School, Boston 15, Mass. 

Banc, Dr. F. B., Dept. of Pathobiology, Johns Hopkins University School of 
Hygiene, Baltimore 5, Maryland 

BALLARD, Dr. WiLLt1Am W., Dartmouth College, Hanover, New Hampshire 

Barp, Dr. Puivip, Johns Hopkins Medical School, Baltimore, Maryland 

Barron, Dr. E. S. G., Dept. of Medicine, University of Chicago, Chicago, II. 

Bartu, Dr. L. G., Dept. of Zoology, Columbia University, New York City, New 
York 

BarTLetT, Dr. JAMEs H., Dept. of Physics, University of Illinois, Urbana, Illinois 

Beams, Dr. Harotp W., Dept. of Zoology, State University of Iowa, Iowa City, 
Iowa 

Beck, Dr. L. V., Dept. of Physiology and Pharmacology, University of Pittsburgh 
School of Medicine, Pittsburgh 13, Pennsylvania 

3EERS, Dr. C. D., Dept. of Zoology, University of North Carolina, Chapel Hill, 
North Carolina 

Benwre, Dr. Evtnor H., Louisiana State University, Baton Rouge, Louisiana 

JENNETT, Dr. Miriam F., Dept. of Biology, Sweet Briar College, Sweet Briar, 
Virginia 

3ERNSTEIN, Dr. Maurice, Virus Laboratory, University of California, Berkeley 4, 
California 

BERTHOLF, Dr. FLoyp M., College of the Pacific, Stockton, California 

BEVELANDER, Dr. Gerrit, New York University School of Medicine, New York 

City, New York 

BiceLow, Dr. Henry B., Museum of Comparative Zoology, Harvard University, 
Cambridge, Massachusetts 

Bisnop, Dr. Davin W., Dept. of Embryology, Carnegie Institute of Washington, 
Baltimore 5, Maryland 

BLANCHARD, Dr. K. C., Johns Hopkins Medical School, Baltimore, Maryland 

Biocu, Dr. Rosert, c/o Biological Abstracts, 3815 Walnut Street, Philadelphia 4, 
Pennsylvania 
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Bium, Dr. Harotp F., Dept. of Biology, Princeton University, Princeton, New 
Jersey 

Bopansky, Dr. Oscar, Dept. of Biochemistry, Memorial Cancer Center, 444 East 
68th Street, New York 21, New York 

Bopran, Dr. Davin, Dept. of Epidemiology, Johns Hopkins University, Baltimore 
5, Maryland 

BoeEtt, Dr. Epcar J., Yale University, New Haven, Connecticut 

BoeETTIGER, Dr. Epwarp G., Dept. of Zoology, University of Connecticut, Storrs, 
Connecticut 

Botp, Dr. H. C., Dept. of Botany, Vanderbilt University, Nashville, Tennessee 

Borer, Dr. Hans, Dept. of Zoology, University of Pennsylvania, Philadelphia, 
Pennsylvania 

Brabey, Dr. Harovp C., 2639 Durant Avenue, Berkeley 4, California 

BripGMAN, Dr. Anna J., Dept. of Biology, Agnes Scott College, Decatur, Georgia 

Bronk, Dr. DetTLev W., Rockefeller Institute, 66th St. and York Avenue, New 
York 21, New York 

Brooks, Dr. Matitpa M., Dept. of Physiology, University of California, Berkeley 
4, California 

Brown, Dr. FRANK A., JR., Dept. of Biological Sciences, Northwestern University, 
Evanston, Illinois 

Brown, Dr. Duaatp E. S., Dept. of Zoology, University of Michigan, Ann Arbor, 
Michigan 

BROWNELL, Dr. KATHERINE A., Ohio State University, Columbus, Ohio 

Buck, Dr. JouN B., Laboratory of Physical Biology, National Institutes of Health, 
Bethesda, Maryland (10405 Muir Place, Kensington, Maryland) 

Butiincton, Dr. W. E., Randolph-Macon College, Ashland, Virginia 

Buttock, Dr. T. H., Dept. of Zoology, University of California, Los Angeles 24 
California 

BurBANCK, Dr. WILLIAM D., Box 834, Emory University, Georgia 

Burpick, Dr. C. LAator, The Lalor Foundation, 4400 Lancaster Pike, Wilmington, 
Delaware 

BuRKENROAD, Dr. M. D., c/o Lab. Nal. de Pesca, Apartado 3318, Estofeta #1, 
Olindania, Republic of Panama 

But er, Dr. E. G., Dept. of Biology, Princeton University, Princeton, New Jersey 

CAMERON, Dr. J. A., Baylor College of Dentistry, Dallas, Texas 

CANTONI, Dr. Giutio, National Institutes of Health, Mental Health, Bethesda 14, 
Maryland 

Cartson, Dr. A. J., Dept. of Physiology, University of Chicago, Chicago 37, Illinois 

Carson, Dr. Francis D., Dept. of Biophysics, Johns Hopkins University, Balti- 
more 18, Maryland 

CaroTHERS, Dr. E. ELEANor, 9 Gladys Sparr, Murdock, Kansas 

CARPENTER, Dr. Russet L., Tufts College, Medford 55, Massachusetts 

Carson, Miss RacueE., 204 Williamsburg Drive, Silver Spring, Maryland 

CatTELL, Dr. McKeEene, Cornell University Medical College, 1300 York Avenue, 
New York City, New York 

CaTTELL, Mr. Ware, Cosmos Club, Washington 5, D. C. 
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Cuaet, Dr. AtFrep B., Boston University School of Medicine, 80 E. Concord 
Street, Boston 18, Massachusetts 

CHAMBERS, Dr. Epwarp, Dept. of Physiology, University of Miami Medical School, 
Coral Gables, Florida 

CHAMBERS, Dr. Rosert, c/o W. N. Chambers, Hitchcock Clinic, Hanover, New 
Hampshire 

Cuase, Dr. Aurtn M., Dept. of Biology, Princeton University, Princeton, New 
ersey 

onan Dr. Ratpx H., Biology Department, Brooklyn College, Brooklyn 10, 
New York 

CiaFF, Mr. C. Lioyp, 5 Van Beal Road, Randolph, Massachusetts 

Ciark, Dr. A. M., Dept. of Biological Sciences, University of Delaware, Newark, 
Delaware 

CiarK, Dr. E. R., The Wistar Institute, Woodland Avenue and 36th Street, Phila- 
delphia 4, Pennsylvania 

Crark, Dr. LEonarp B., Dept. of Biology, Union College, Schenectady, New York 

CLarKE, Dr. Georce L., Harvard University, Biological Laboratories, Cambridge 
38, Massachusetts 

CLELAND, Dr. RaAcpu E., Indiana University, Bloomington, Indiana 

CLEMENT, Dr. A. C., Dept. of Biology, Emory University, Emory, Georgia 

CLowes, Dr. G. H. A., Eli Lilly and Company, Indianapolis, Indiana 

Cor, Dr. W. R., 183 Third Avenue, Chula Vista, California 

Conen, Dr. Szymour S., Dept. of Physiological Chemistry, University of Pennsyl- 
vania, Philadelphia, Pa. 

Cote, Dr. KeEnNeETH S., National Institutes of Health (NINDB), Bethesda 14, 
Maryland 

CottetT, Dr. Mary E., 34 Weston Road, Wellesley 81, Massachusetts 

Cotton, Dr. H. S., Box 601, Flagstaff, Arizona 

Corwin, Dr. ArTHuR L., Dept. of Biology, Queens College, Flushing, New York 

Cotwin, Dr. Laura H., Dept. of Biology, Queens College, Flushing, New York 

CoopersTEIN, Dr. SHERWIN J., Dept. of Anatomy, Western Reserve University 
Medical School, Cleveland, Ohio 

CorELanD, Dr. D. E., 1027 N. Manchester Street, Arlington 5, Virginia 

CopeELAND, Dr. MAnToN, Bowdoin College, Brunswick, Maine 

Coptey, Dr. Atrrep L., Centre National de Transfusion Sanguine 6, Rue 
Alexandre-Cobonel, Paris X Ve, France 

CornMAN, Dr. Ivor, Hazleton Laboratories, Box 333, Falls Church, Virginia 

CostELLo, Dr. Donatp P., Dept. of Zoology, University of North Carolina, Chapel 
Hill, North Carolina 

CosteLto, Dr. HELEN MILLER, Dept. of Zoology, University of North Carolina, 
Chapel Hill, North Carolina 

Crane, Mr. JoHn O., Woods Hole, Massachusetts 

Crane, Mrs. W. Murray, Woods Hole, Massachusetts 

CroaspaLe, Dr. HANNAH T., Dartmouth College, Hanover, New Hampshire 

Crouse, Dr. HELEN V., Goucher College, Baltimore, Maryland 

Crowett, Dr. P. S., Jr., Dept. of Zoology, Indiana University, Bloomington, 
Indiana 
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Curtis, Dr. MaynieE R., University of Miami, Box 1015, South Miami, Florida 

Curtis, Dr. W. C., University of Missouri, Columbia, Missouri 

Dan, Dr. JEAN CLark, Misaki Biological Station, Misaki, Japan 

Dan, Dr. Katsuma, Misaki Biological Station, Misaki, Japan 

DANIELLI, Dr. JAmeEs F., Dept. of Zoology, King’s College, London, England 

Davis, Dr. BERNARD D., Dept. of Pharmacology, New York University College of 
Medicine, New York 16, New York 

Dawson, Dr. A. B., Harvard University, Cambridge 38, Massachusetts 

Dawson, Dr. J. A., College of the City of New York, New York City, New York 

Ditier, Dr. IRENE C., Institute for Cancer Research, Philadelphia, Pennsylvania 

Ditver, Dr. WitiiaM F., 2417 Fairhill Avenue, Glenside, Pennsylvania 

Dixon, Dr. Frank J., Dept. of Pathology, University of Pittsburgh School of 
Medicine, Pittsburgh, Pennsylvania 

Dopps, Dr. G. S., West Virginia University School of Medicine, Morgantown, 
West Virginia 

Dotiey, Dr. WitiiaM L., Heim Road, Getzville, New York 

Donatpson, Dr. Jonn C., University of Pittsburgh School of Medicine, Pitts- 
burgh, Pennsylvania 

Dory, Dr. MAxweE .t S., Dept. of Biology, University of Hawaii, Honolulu, T. H. 

DRINKER, Dr. Cecit K., Box 502, Falmouth, Massachusetts 

DuBois, Dr. Eucene F., 200 East End Avenue, New York 28, New York 

Duacar, Dr. BENJAMIN M., Lederle Laboratories Inc., Pearl River, New York 

Duryee, Dr. Witt1Am R., George Washington University School of Medicine, 
Dept. of Physiology, Washington 5, D. C. 

Epps, Dr. Mac V., Jr., Dept. of Biology, Brown University, Providence, Rhode 
Island 

Ercnet, Dr. Bertram, Bureau of Biological Research, Box 515, Rutgers Univer- 
sity, New Brunswick, New Jersey 

Ercner, Dr. HerBert J., Hahnemann Medical College, Philadelphia, Pennsylvania 

Ext.iott, Dr. AtFrrep M., Dept. of Zoology, University of Michigan, Ann Arbor, 
Michigan 

Evans, Dr. Titus C., State University of Iowa, Iowa City, Iowa 

Fartia, Dr. G., College of Physicians and Surgeons, Columbia University, New 
York City, New York 

FAURE-FREMIET, Dr. EMMANUEL, Collége de France, Paris, France 

Fercuson, Dr. F. P., Dept. of Physiology, University of Maryland Medical School, 
Baltimore 1, Maryland 

Fercuson, Dr. JAMes K. W., Connought Laboratories, University of Toronto, 
Ontario, Canada 

Ficce, Dr. F. H. J., University of Maryland Medical School, Lombard and Green 
Streets, Baltimore 1, Maryland 

FINGERMAN, Dr. Mitton, Dept. of Zoology, Newcomb College, Tulane University, 
New Orleans 18, Louisiana 

FiscHer, Dr. Ernst, Dept. of Physiology, Medical College of Virginia, Richmond 
19, Virginia 

FisHer, Dr. JEANNE M., Dept. of Biochemistry, University of Toronto, Toronto, 
Canada 
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FisHER, Dr. KenNeETH C., Dept. of Biology, University of Toronto, Toronto, 
Canada 

Forses, Dr. ALEXANDER, Biological Laboratories, Harvard University, Cambridge 
38, Massachusetts 

FRAENKEL, Dr. Gottrriep S., Dept. of Entomology, University of Illinois, Urbana, 
Illinois 

Fries, Dr. Errk F. B., Dept. of Biology, City College of New York, New York 
City, New York 

Friscu, Dr. Joun A., Canisius College, Buffalo, New York 

FurtH, Dr. Jacos, 18 Springdale Road, Wellesley Farms, Massachusetts 

GaBRIEL, Dr. Morpecat, Dept. of Biology, Brooklyn College, Brooklyn, New Yerk 

GarFrron, Dr. Hans, Research Institutes, University of Chicago, 5650 Ellis Ave- 
nue, Chicago 37, Illinois 

Gat, Dr. Josepn G., Dept. of Zoology, University of Minnesota, Minneapolis 14, 
Minnesota 

GaLtsoFF, Dr. Paut S., Woods Hole, Massachusetts 

Gasser, Dr. HERBERT S., Director, Rockefeller Institute, New York 21, New York 

GeIsER, Dr. S. W., Southern Methodist University, Dallas, Texas 

GERARD, Dr. R. W., Illinois Neuropsychiatric Institute, Chicago 12, Illinois 

GirmaNn, Dr. LaurEN C., Dept. of Zoology, University of Miami, Coral Gables, 
Florida 

GinsBERG, Dr. Harorp S., Western Reserve University School of Medicine, Cleve- 
land, Ohio 

GoopcuiLp, Dr. Cuauncey G., Dept. of Biology, Emory University, Emory Uni- 
versity, Georgia 

GoopricH, Dr. H. B., Wesleyan University, Middletown, Connecticut 

GOTTSCHALL, Dr. GERTRUDE Y., 315 E. 68th Street, New York 21, New York 

Goutp, Dr. H. N., Biological Sciences Information Exchange, 1113 Dupont Circle 
Building, Washington, D. C. 

GRAHAM, Dr. HERBERT, Director, Woods Hole Lab., Fish and Wildlife Service, 
Woods Hole, Massachusetts 

Granp, Mr. C. G., Dade County Cancer Institute, 1155 N. W. 15th Street, Miami, 
Florida 

Grant, Dr. M. P., Sarah Lawrence College, Bronxville, New York 

Gray, Dr. Irvine E., Duke University, Durham, North Carolina 

GREEN, Dr. James W., Dept. of Physiology, Rutgers University, New Brunswick, 
New Jersey 

GREEN, Dr. Maurice, Dept. of Biochemistry, University of Pennsylvania, Phila- 
delphia, Pennsylvania 

Grecc, Dr. James H., University of Florida, Gainesville, Florida 

Grece, Dr. J. P., Dept. of Zoology, Columbia University, New York 27, New York 

Greir, Dr. Rocer L., Dept. of Physiology, Cornell University Medical College, 
New York 21, New York 

Groscu, Dr. Danizt S., Dept. of Zoology, North Carolina State College, Raleigh, 
North Carolina 

Gross, Dr. Paut, Dept. of Biology, New York University, University Heights, 
New York 53, New York 
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Grunprest, Dr. Harry, Columbia University, College of Physicians and Surgeons, 
New York City, New York 

GUDERNATSCH, Dr. FREDERICK, 41 Fifth Avenue, New York 3, New York 

GuTurieg, Dr. Mary J., Detroit Institute for Cancer Research, 4811 John R. Street, 
Detroit 1, Michigan 

Guttman, Dr. Rita, Dept. of Physiology, Brooklyn College, Brooklyn, New York 

Guyer, Dr. Micuaet F., University of Wisconsin, Madison, Wisconsin 

Hajpu, Dr. STEPHEN, U. S. Public Health Institute, Bethesda, Maryland 

Hatt, Dr. Frank G., Duke University, Durham, North Carolina 

HamBurcer, Dr. Viktor, Dept. of Zoology, Washington University, St. Louis, 
Missouri 

Hamitton, Dr. Howarp L., Iowa State College, Ames, Iowa 

Hance, Dr. Rosert T., Box 108, R. R. No. 3, Loveland, Ohio 

HarpinG, Dr. Ciirrorp V., Jr., Wistar Institute, University of Pennsylvania, 
Philadelphia, Pennsylvania 

HarMAN, Dr. Mary T., Box 68, Camden, North Carolina 

Harn ty, Dr. Morris H., Washington Square College, New York University, New 
York City, New York 

Harrison, Dr. Ross G., Yale University, New Haven, Connecticut 

Hart ine, Dr. H. Kerrer, Rockefeller Institute for Medical Research, New York 
21, New York 

HartTMaAN, Dr. Frank A., Hamilton Hall, Ohio State University, Columbus, Ohio 

Harvey, Dr. Ernet Browne, 48 Cleveland Lane, Princeton, New Jersey 

Harvey, Dr. E. Newton, Guyot Hall, Princeton University, Princeton, New 
Jersey 

Hauscuka, Dr. T. S., Roswell Park Memorial Institute, 663 North Oak Street, 
Buffalo 3, New York 

Haxo, Dr. Francis T., Division of Marine Botany, Scripps Institute of Oceanog- 
raphy, University of California, La Jolla, California 

Hayasui, Dr. Teru, Dept. of Zoology, Columbia University, New York City, New 
York 

Haypen, Dr. Marcaret A., 34 Weston Road, Wellesley 81, Massachusetts 

Haywoop, Dr. CHARLOTTE, Mount Holyoke College, South Hadley, Massachusetts 

HEILBRUNN, Dr. L. V., Dept. of Zoology, University of Pennsylvania, Philadel- 
phia, Pennsylvania 

HENDLEY, Dr. Cuarces D., 615 South Second Avenue, Highland Park, New 
Jersey 

HENLEY, Dr. CATHERINE, Dept. of Zoology, University of North Carolina, Chapel 
Hill, North Carolina 

HEeNnsHAwW, Dr. Paut S., 17th floor, 501 Madison Avenue, New York 22, New 
York 

Hess, Dr. WALTER N., Hamilton College, Clinton, New York 

Hipparp, Dr. Hore, Dept. of Zoology, Oberlin College, Oberlin, Ohio 

Hitt, Dr. Samuet E., 135 Brunswick Road, Troy, New York 

Hinricus, Dr. Marie, Board of Education, Bureau of Health Service, 228 North 
LaSalle Street, Chicago, Illinois 

Hisaw, Dr. F. L., Harvard University, Cambridge 38, Massachusetts 
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Hoaptey, Dr. Lercu, Harvard University, Biological Laboratories, Cambridge 38, 
Massachusetts 

Hopce, Dr. Cuartes, IV, Dept. of Zoology, Temple University, Philadelphia, 
Pennsylvania 

HorrMAN, Dr. JosepH, Dept. of Biology, Princeton University, Princeton, New 
erse 

Oe Dr. Mary J., University of Pennsylvania Medical School, Philadelphia, 
Pennsylvania 

HoLLaENDER, Dr. ALEXANDER, P. O. Box W, Clinton Laboratories, Oak Ridge, 
Tennessee 

Hopkins, Dr. Hoyt S., New York University College of Dentistry, New York 
City, New York 

Hunter, Dr. Francis R., Dept. of Physiology, Southern Illinois University, Car- 
bondale, Illinois 

Hutcuens, Dr. Joun O., Dept. of Physiology, University of Chicago, Chicago 37, 
Illinois 

Hyman, Dr. Lissie H., American Museum of Natural History, New York City, 
New York 

IrvinGc, Dr. LAuRENCE, U. S. Public Health Service, Anchorage, Alaska 

IseLIN, Mr. Cotumsus O’D., Woods Hole, Massachusetts 

Jacoss, Dr. M. H., School of Medicine, University of Pennsylvania, Philadelphia, 
Pennsylvania 

Jacoss, Dr. Witi1AM P., Dept. of Biology, Princeton University, Princeton, New 
Jersey 

Jenxrns, Dr. Georce B., 5339 42nd Street N.W., Washington 15, D. C. 

Jenner, Dr. Cuarzes E., Dept. of Zoology, University of North Carolina, Chapel 
Hill, North Carolina 

Jones, Dr. E. Rurrin, Jr., Dept. of Biology, University of Florida, Gainesville, 
Florida 

Kaan, Dr. HELEN W., National Heart Institute, National Institutes of Health, 
Bethesda 14, Maryland 

Kapat, Dr. E. A., Neurological Institute, College of Physicians and Surgeons, New 
York City, New York 

Karusu, Dr. Frep, Dept. of Pediatrics, University of Pennsylvania, Philadelphia, 
Pennsylvania 

KauFrMann, Dr. B. P., Carnegie Institute, Cold Spring Harbor, Long Island, New 
York 

Kempton, Dr. Rupotr T., Vassar College, Poughkeepsie, New York 

Keostan, Dr. Joun, Dept. of Biology, Rutgers University, Newark 2, New Jersey 

KetcHum, Dr. Bostwick, Woods Hole Oceanographic Institution, Woods Hole, 
Massachusetts 

Kittie, Dr. Frank R., Carleton College, Northfield, Minnesota 

Kinp, Dr. C. Avsert, Dept. of Chemistry, University of Connecticut, Storrs, 
Connecticut 

Krinprep, Dr. J. E., University of Virginia, Charlottesville, Virginia 

Kinc, Dr. Joun W., Morgan State College, Baltimore 12, Maryland 

Kino, Dr. Rosert L., State University of Iowa, Iowa City, Iowa 





32 MARINE BIOLOGICAL LABORATORY 


Kisco, Dr. Bruno, 845 West End Avenue, New York City, New York 

KLEInHOLzZ, Dr. Lewis H., Department of Biology, Reed College, Portland, Oregon 

Kotz, Dr. I. M., Department of Chemistry, Northwestern University, Evanston, 
Illinois 

Kotin, Dr. ALEXANDER, Division of Biological Sciences, University of Chicago, 
Chicago, Illinois 

Kopac, Dr. M. J., New York University, Washington Square College, New York 
City, New York 

Korr, Dr. I. M., Dept. of Physiology, Kirksville College of Osteopathy, Kirksville, 
Missouri 

Kraut, Dr. M. E., Dept. of Physiology, University of Chicago, Chicago 37, Illinois 

Krauss, Dr. Rosert, Dept. of Botany, University of Maryland, Baltimore, Mary- 
land 

Kreic, Dr. WENDELL J. S., 303 East Chicago Avenue, Chicago, Illinois 

Kunitz, Dr. Moses, Rockefeller Institute, 66th Street and York Avenue, New 
York 21, New York 

KuFFcer, Dr. STEPHEN, Dept. of Ophthalmology, Johns Hopkins Hospital, Balti- 
more 5, Maryland 

Lackey, Dr. James B., University of Florida, College of Engineering, Gainesville, 
Florida 

LANCEFIELD, Dr. D. E., Queens College, Flushing, New York 

LANCEFIELD, Dr. Resecca C., Rockefeller Institute, 66th Street and York Avenue, 
New York 21, New York 

Lanois, Dr. E. M., Harvard Medical School, Boston 15, Massachusetts 

LanGE, Dr. Matuitpa M., Box 307, Central Valley, New York 

LansinG, Dr. Avsert I., Dept. of Anatomy, University of Pittsburgh Medical 
School, Pittsburgh 13, Pennsylvania 

LauFFER, Dr. Max A., Dept. of Biophysics, University of Pittsburgh, Pittsburgh, 
Pennsylvania 

Lavin, Dr. Georce I., 3714 Springdale Avenue, Baltimore, Maryland 

Lazarow, Dr. ARNOLD, Dept. of Anatomy, University of Minnesota, Medical 
School, Minneapolis 14, Minnesota 

LEDERBERG, Dr. JosHuaA, Dept. of Genetics, University of Wisconsin, Madison 6, 
Wisconsin 

Lee, Dr. Ricwarp E., Cornell University College of Medicine, New York City, 
New York 

LeFevre, Dr. Paut G., Brookhaven Apartments, Upton, Long Island, New York 

LEHMANN, Dr. Fritz, Zool. Inst., University of Berne, Berne, Switzerland 

Lesser, Dr. Mitton A., Dept. of Physiology, Ohio State University, Columbus, 
Ohio 

Levine, Dr. RacuMieEx, Michael Reese Hospital, Chicago 16, Illinois 

Levy, Dr. Mitton, Chemistry Dept., New York University School of Medicine, 
New York City, New York 

Lewin, Dr. Ratpu A., Marine Biological Laboratory, Woods Hole, Massachusetts 

Lewis, Dr. J. F., 1110 Rugby Road, Charlottesville, Virginia 

Linc, Dr. Gitsert, Dept. of Neurophysiology, University of Illinois, Chicago, 
Illinois 
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LittLe, Dr. E. P., 150 Causeway Street, Anderson Nichols & Company, Boston 24, 
Massachusetts 

Lioyp, Dr. Davin P. C., Rockefeller Institute, 66th Street and York Avenue, 
New York 21, New York 

LocHHEAD, Dr. JoHN H., Dept. of Zoology, University of Vermont, Burlington, 
Vermont 

Logs, Dr. Leo, 40 Crestwood Drive, St. Louis 5, Missouri 

Loes, Dr. R. F., Presbyterian Hospital, 620 W. 168 Street, New York 32, New 
York 

Loew!, Dr. Orro, 155 East 93rd Street, New York City, New York 

Loranp, Dr. Laszzo, Dept. of Chemistry, College of Liberal Arts, Northwestern 
University, Evanston, Illinois 

Love, Dr. Lois H., 4253 Regent Street, Philadelphia 4, Pennsylvania 

Love, Dr. WARNER E., Institute for Cancer Research, 7701 Burholme Avenue, Fox 
Chase, Philadelphia, Pennsylvania 

Lyncu, Dr. Ciara J., Rockefeller Institute, 66th Street and York Avenue, New 
York 21, New York 

Lyncn, Dr. Rutu Srocxrne, Dept. of Botany, University of California, Los An- 
geles 24, California 

Lyncu, Dr. Witt1am, Dept. of Biology, St. Ambrose College, Davenport, Iowa 

Lynn, Dr. WittiaM G., Dept. of Biology, Catholic University of America, Wash- 
ington, D. C. 

MacDovuecatt, Dr. Mary S., Mt. Vernon Apts., 423 Clairmont Avenue, Decatur, 
Georgia 

McCoucn, Dr. Marcaret SuMWALT, University of Pennsylvania Medical School, 
Philadelphia, Pennsylvania 

McDona .p, Sister ELizABETH SETON, Dept. of Biology, College of Mt. St. Joseph, 
Mt. St. Joseph, Ohio 

McDonatp, Dr. Marcaret H., Carnegie Institute of Washington, Cold Spring 
Harbor, Long Island, New York 

Mackin, Dr. CHartes C., 37 Gerard Street, London, Ontario, Canada 

Macruper, Dr. SAMUEL R., Dept. of Anatomy, Tufts Medical School, 136 Harri- 
son Avenue, Boston, Massachusetts 

MANWELL, Dr. RecrInatp D., Syracuse University, Syracuse, New York 

MarsHaAk, Dr. ALFRED, Woods Hole, Massachusetts 

Marstanp, Dr. Doucras A., New York University, Washington Square College, 
New York City, New York 

Martin, Dr. Eart A., Dept. of Biology, Brooklyn College, Brooklyn, New York 

MatHews, Dr. A. P., Glenwood Boulevard, Schenectady, New York 

Matruews, Dr. Samuet A., Thompson Biological Lab., Williams College, Wil- 
liamstown, Massachusetts 

Mavor, Dr. JAMEs W., 8 Gracewood Park, Cambridge 58, Massachusetts 

Mazia, Dr. DanieL, Dept. of Zoology, University of California, Berkeley 4, Cali- 
fornia 

Mepes, Dr. Grace, Lankenau Research Institute, Philadelphia, Pennsylvania 

Mercs, Mrs. E. B., 1736 M Street N.W., Washington, D. C. 
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MerinxorTH, Dr. Norman A., Dept. of Biology, Swarthmore College, Swarthmore, 
Pennsylvania 

MemuarpD, Mr. A. R., Riverside, Connecticut 

MENKIN, Dr. Vaty, Agnes Barr Chase Foundation for Cancer Research, Temple 
University Medical School, Philadelphia, Pennsylvania 

Metz, Dr. C. B., Dept. of Zoology, Florida State University, Tallahassee, Florida 

Metz, Dr. Cuartes W., University of Pennsylvania, Philadelphia, Pennsylvania 

Miter, Dr. J. A., Basic Science Building, Emory University, Georgia 

Mixing, Dr. Lorus J., Department of Zoology, University of New Hampshire, Dur- 
ham, New Hampshire 

Mriwnnicu, Dr. D. E., Dept. of Zoology, University of Minnesota, Minneapolis 14, 
Minnesota 

Mor, Mr. Henry A., Secretary General, Guggenheim Memorial Foundation, 551 
Fifth Avenue, New York 17, New York 

Monroy, Dr. ALBERTO, Institute of Comparative Anatomy, University of Palermo, 
Italy 

Moore, Dr. Georce M., Dept. of Zoology, University of New Hampshire, Durham, 
New Hampshire 

Moore, Dr. Joun W., Laboratory of Biophysics, NINDB, National Institutes of 
Health, Bethesda 14, Maryland 

Mout, Dr. E. T., Dept. of Botany, Rutgers University, New Brunswick, New 
Jersey 

Mountain, Mrs. J. D., 9 Coolidge Avenue, White Plains, New York 

Mutter, Dr. H. J., Dept. of Zoology, Indiana University, Bloomington, Indiana 

Musaccaia, Dr. Xavier J., Dept. of Biology, St. Louis University, St. Louis 4, 
Missouri 

Naprit, Dr. S. M., President, Texas Southern University, 3201 Wheeler Avenue, 
Houston 4, Texas 

Nace, Dr. Paut Fotey, Dept. of Biology, Hamilton College, McMaster Univer- 
sity, Hamilton, Ontario 

NACHMANSOHN, Dr. Davin, College of Physicians and Surgeons, Columbia Uni- 
versity, New York City, New York 

Navez, Dr. AvBert E., 206 Churchill’s Lane, Milton 86, Massachusetts 

Netson, Dr. Leonarp, Dept. of Anatomy, University of Chicago, Chicago, Illinois 

NeuraTH, Dr. H., Dept. of Biochemistry, University of Washington, Seattle 5, 
Washington 

NewMaAN, Dr. H. H., 173 Devon Drive, Clearwater, Florida 

Nicott, Dr. Paut A., Indiana Contract, Box K, A. P. O. 474, San Francisco, 
California 

Ocuoa, Dr. Severo, New York University College of Medicine, New York 16, 
New York 

OprENHEIMER, Dr. JANE M., Dept. of Biology, Bryn Mawr College, Bryn Mawr, 
Pennsylvania 

Oster, Dr. Rosert H., University of Maryland, School of Medicine, Baltimore 1, 
Maryland 

OsterHOuT, Dr. W. J. V., Rockefeller Institute, 66th Street and York Avenue, 
New York 21, New York 
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OstERHOUT, Dr. Marion Irwin, Rockefeller Institute, 66th Street and York 
Avenue, New York 21, New York 

PacKARD, Dr. CHARLES, Woods Hole, Massachusetts 

Pace, Dr. IrvINE H., Cleveland Clinic, Cleveland, Ohio 

PARMENTER, Dr. CuHar-es L., Dept. of Zoology, University of Pennsylvania, Phila- 
delphia, Pennsylvania 

ParParT, Dr. ArTHuR K., Dept. of Biology, Princeton University, Princeton, New 
Jersey 

Passano, Dr. Leonarp M., Osborn Zoological Laboratory, Yale University, New 
Haven, Connecticut 

PatTEN, Dr. BrapLey M., University of Michigan School of Medicine, Ann Arbor, 
Michigan 

PEEBLES, Dr. FLORENCE, 380 Rosemont Avenue, Pasadena 3, California 

PERKINS, Dr. JOHN F., Jr., Dept. of Physiology, University of Chicago, Chicago 
37, Illinois 

PetTIBONE, Dr. Marian H., Dept. of Zoology, University of New Hampshire, 
Durham, New Hampshire 

Pierce, Dr. MADELENE E., Vassar College, Poughkeepsie, New York 

ProucHu, Dr. Harotp H., Amherst College, Amherst, Massachusetts 

PoLtisTER, Dr. A. W., Columbia University, New York City, New York 

Ponp, Dr. Samuet E., 53 Alexander Street, Manchester, Connecticut 

Pratt, Dr. Freperick H., 105 Hundreds Road, Wellesley Hills 82, Massachusetts 

Proctor, Dr. NATHANIEL, Dept. of Biology, Morgan State College, Baltimore 12, 
Maryland 

Prosser, Dr. C. Lapp, 401 Natural History Bldg., University of Illinois, Urbana, 
Illinois 

Provasoi!, Dr. Luiai, Dept. of Biology, Haskins Laboratory, 305 E. 43rd Street, 
New York 17, New York 

QuasTEL, Dr. Jupa H., Dept. of Biochemistry, McGill University, Montreal, 
Canada 

Ramsey, Dr. Ropert W., Medical College of Virginia, Richmond, Virginia 

Ranp, Dr. Hersert W., 7 Siders Pond Road, Falmouth, Massachusetts 

RANKIN, Dr. Joun S., Dept. of Zoology, University of Connecticut, Storrs, 
Connecticut 

RATNER, Dr. SARAH, Public Health Research Institute of the City of New York, 
Foot East 15th Street, New York 9, New York 

Ray, Dr. CHARLES, JR., Dept. of Biology, Emory University, Emory, Georgia 

REDFIELD, Dr. ALFRED C., Woods Hole, Massachusetts 

Rep, Dr. W. M., Poultry Dept., University of Georgia, Athens, Georgia 

REINER, Dr. J. M., Columbia-Presbyterian Medical Center, 622 W. 168 St., New 
York 32, New York 

Renn, Dr. Cuarces E., 509 Ames Hall, Johns Hopkins University, Baltimore 18, 
Maryland 

REZNIKOFF, Dr. Paut, Cornell University Medical College, 1300 York Avenue, 
New York City, New York 

Rice, Dr. E. L., 2241 Seneca Avenue, Alliance, Ohio 

Ricwarps, Dr. A., 2950E Mabel Street, Tucson, Arizona 
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Ricuarps, Dr. A. GLENN, Entomology Department, University Farm, University 
of Minnesota, St. Paul, Minnesota 

RicHarps, Dr. Oscar W., American Optical Company, Research Center, South- 
bridge, Massachusetts 

Rreser, Dr. Peter, Marine Biological Laboratory, Woods Hole, Massachusetts 

RocksTEIN, Dr. Morris, Dept. of Physiology, New York University, College of 
Medicine, New York 16, New York 

Rocickx, Dr. Mary D., College of New Rochelle, New Rochelle, New York 

Romer, Dr. Acrrep S., Harvard University, Museum of Comparative Zoology, 
Cambridge, Massachusetts 

RonkKIN, Dr. RapHAEL R., Dept. of Physiology, University of Delaware, Newark, 
Delaware 

Root, Dr. R. W., Dept. of Biology, College of the City of New York, New York 
City, New York 

Root, Dr. W. S., Columbia University, College of Physicians and Surgeons, Dept. 
of Physiology, New York City, New York 

Rose, Dr. S. Mery, Dept. of Zoology, University of Illinois, Champaign, Illinois 

RosENTHAL, Dr. THEoporE B., Dept. of Anatomy, University of Pittsburgh Medi- 
cal School, Pittsburgh 13, Pennsylvania 

Rossi, Dr. Harotp H., Dept. of Radiology, Columbia University, New York 32, 
New York 

Roru, Dr. Jay S., Dept. of Biochemistry, Hahnemann Medical College, Philadel- 
phia 2, Pennsylvania 

ROTHENBERG, Dr. M. A., Chief, Chemical Laboratories, Dugway Proving Ground, 
Dugway, Utah 

Rucu, Dr. Roserts, Radiological Research Laboratory, College of Physicians and 
Surgeons, New York City, New York 

RuNNstROM, Dr. JoHN, Wenner-Grens Institute, Stockholm, Sweden 

RutMAN, Dr. Rosert J., Dept. of Zoology, University of Pennsylvania, Philadel- 
phia, Pennsylvania 

Ryan, Dr. Francis J., Columbia University, New York City, New York 

RyTHER, Dr. JoHN H., Woods Hole Oceanographic Institution, Woods Hole, 
Massachusetts 

SANDEEN, Dr. Muriet I., Dept. of Zoology, Duke University, Durham, North 
Carolina 

SAUNDERS, Mr. Lawrence, R. D. 7, Bryn Mawr, Pennsylvania 

ScHAEFFER, Dr. Asa A., Dept. of Biology, Temple University, Philadelphia, 
Pennsylvania 

ScHARRER, Dr. Ernst A., Albert Einstein College of Medicine, 1710 Newport 
Avenue, New York 61, New York 

SCHECHTER, Dr. Victor, College of the City of New York, New York City, New 
York 

SCHLESSINGER, Dr. R. WALTER, Dept. of Microbiology, St. Louis University 
School of Medicine, 1402 South Grand Boulevard, St. Louis 4, Missouri 

Scumint, Dr. L. H., Christ Hospital, Cincinnati, Ohio 

Scumitt, Dr. Francis O., Dept. of Biology, Massachusetts Institute of Technol- 
ogy, Cambridge, Massachusetts 
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Scumitt, Dr. O. H., Dept. of Physics, University of Minnesota, Minneapolis 14, 
Minnesota 

ScHOLANDER, Dr. P. F., Institute of Zoophysiology, University of Oslo, Oslo, 
Norway 

Scuotté, Dr. Oscar E., Dept. of Biology, Amherst College, Amherst, Massa- 
chusetts 

ScHRADER, Dr. Franz, Dept. of Zoology, Columbia University, New York City, 
New York 

ScuRADER, Dr. Satty Hucues, Dept. of Zoology, Columbia University, New 
York City, New York 

ScHRAMM, Dr. J. R., University of Pennsylvania, Philadelphia, Pennsylvania 

Scott, Dr. ALLAN C., Colby College, Waterville, Maine 

Scott, Dr. D. B. McNarr, Dept. of Biochemistry, University of Pennsylvania 
Hospital, Philadelphia, Pennsylvania 

Scott, SISTER FLORENCE M., Seton Hill College, Greensburg, Pennsylvania 

Scott, Dr. GeorcE T., Oberlin College, Oberlin, Ohio 

Sears, Dr. Mary, Woods Hole Oceanographic Institution, Woods Hole, Massa- 
chusetts 

SEVERINGHAUS, Dr. Aura E., Dept. of Anatomy, College of Physicians and Sur- 
geons, New York City, New York 

SHANES, Dr. ABRAHAM M., Experimental Biology and Medicine Institute, National 
Institutes of Health, Bethesda 14, Maryland 

SHAPIRO, Dr. HERBERT, 5800 North Camac Street, Philadelphia 41, Pennsylvania 

SHAVER, Dr. JOHN R., Dept. of Zoology, Michigan State University, East Lansing, 
Michigan 

SHEDLOvSKY, Dr. THEODORE, Rockefeller Institute, 66th Street and York Avenue, 
New York 21, New York 

SicHEL, Dr. FERDINAND J. M., University of Vermont, Burlington, Vermont 

S1cHEL, Mrs. F. J. M., 35 Henderson Terrace, Burlington, Vermont 

Siva, Dr. Paut, Dept. of Botany, University of Illinois, Urbana, Illinois 

SLIFER, Dr. ELEANOR H., Dept. of Zoology, State University of Iowa, Iowa City, 
Iowa 

Situ, Dr. Dretricn C., Dept. of Physiology, University of Maryland School of 
Medicine, Baltimore, Maryland 

SmitH, Dr. Epwarp H., Woods Hole Oceanographic Institution, Woods Hole, 
Massachusetts 

SmitH, Mr. Homer P., General Manager, Marine Biological Laboratory, Woods 
Hole, Massachusetts 

SmitH, Dr. Rarpu I., Dept. of Zoology, University of California, Berkeley 4, 
California 

SONNEBORN, Dr. T. M., Dept. of Zoology, Indiana University, Bloomington, 
Indiana 

SONNENBLICK, Dr. B. P., 40 Rector Street, Newark 3, New Jersey 

SPEIDEL, Dr. Cart C., University of Virginia, University, Virginia 

SprecEL, Dr. Metvin, Dept. of Biology, Colby College, Waterville, Maine 

Spratt, Dr. NELson T., Jr., Dept. of Zoology, University of Minnesota, Minne- 
apolis 14, Minnesota 
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Starr, Dr. Ricuarp C., Dept. of Botany, Indiana University, Bloomington, Indiana 

STEINBACH, Dr. Henry Burr, Dept. of Zoology, University of Minnesota, Minne- 
apolis 14, Minnesota 

STEINBERG, Dr. MALcoLM S., Dept. of Zoology, University of Minnesota, Minne- 
apolis 14, Minnesota 

STEPHENS, Dr. Grover C., Dept. of Zoology, University of Minnesota, Minne- 
apolis 14, Minnesota 

Stewart, Dr. Dorotuy, Rockford College, Rockford, Illinois 

Stoxey, Dr. Atma G., Dept. of Botany, Mt. Holyoke College, South Hadley, 
Massachusetts 

Strauss, Dr. W. L., Jr., Johns Hopkins University, Baltimore 18, Maryland 

STUNKARD, Dr. Horace W., New York University, New York City, New York 

StuRTEVANT, Dr. AcFreD H., California Institute of Technology, Pasadena 4, 
California 

SuLkIN, Dr. S. Epwarp, Dept. of Bacteriology, University of Texas, Southwestern 
Medical School, Dallas, Texas 

Swope, Mr. GERARD, JR., 570 Lexington Avenue, New York 22, New York 

SzENT-GyorGy!I, Dr. ALBERT, Marine Biological Laboratory, Woods Hole, Massa- 
chusetts 

Szent-Gyorcyl, Dr. ANDREW G., Marine Biological Laboratory, Woods Hole, 
Massachusetts 

Tasuiro, Dr. Suro, University of Cincinnati Medical College, Cincinnati, Ohio 

Taytor, Dr. Wm. RANDOLPH, Dept. of Botany, University of Michigan, Ann 
Arbor, Michigan 

TEWINKEL, Dr. Lois E., Dept. of Zoology, Smith College, Northampton, Massa- 
chusetts 

Tracy, Dr. Henry C., P. O. Box 54, Oxford, Mississippi 

Tracer, Dr. WILLIAM, Rockefeller Institute, 66th Street and York Avenue, New 
York 21, New York 

Trinkaus, Dr. J. Puivip, Dept. of Zoology, Osborn Zoological Laboratories, Yale 
University, New Haven, Connecticut 

TWEEDELL, Dr. Kenyon S., Dept. of Zoology, University of Maine, Orono, Maine 

Tycer, Dr. ALBERT, California Institute of Technology, Pasadena 4, California 

UsLENHUTH, Dr. Epwarp, University of Maryland School of Medicine, Baltimore, 
Maryland 

Uretz, Dr. Rosert B., Dept. of Biophysics, University of Chicago, Chicago, Illinois 

DEVILLAFRANCA, Dr. GeorGce W., Dept. of Zoology, Smith College, Northampton, 
Massachusetts 

ViILLeE, Dr. CLaupE A., Harvard Medical School, Boston 15, Massachusetts 

VINCENT, Dr. WALTER S., Dept. of Anatomy, State University of New York 
School of Medicine, Syracuse 10, New York 

Warnio, Dr. W. W., Bureau of Biological Research, Rutgers University, New 
Brunswick, New Jersey 

Watp, Dr. Georce, Biological Laboratory, Harvard University, Cambridge 38, 
Massachusetts 

WareassE, Dr. JAMES P., Woods Hole, Massachusetts 
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Warner, Dr. Rosert C., Dept. of Chemistry, New York University College of 
Medicine, New York 16, New York 

WaTERMAN, Dr. T. H., Osborn Zoological Laboratory, Yale University, New 
Haven, Connecticut 

Wess, Dr. MARGUERITE, Dept. of Physiology and Bacteriology, Goucher College, 
Towson, Maryland 

Weiss, Dr. Paut A., Laboratory of Developmental Biology, Rockefeller Institute, 
New York 21, New York 

Wenricu, Dr. D. H., University of Pennsylvania, Philadelphia, Pennsylvania 

Wuepown, Dr. A. D., 21 Lawncrest, Danbury, Connecticut 

WuHitTaAkKER, Dr. Douctas M., Rockefeller Institute for Medical Research, New 
York 21, New York 

Waite, Dr. E. Grace, Wilson College, Chambersburg, Pennsylvania 

Wuitinc, Dr. ANNA R., University of Pennsylvania, Philadelphia, Pennsylvania 

Wuitinc, Dr. Puineas W., Zoological Laboratory, University of Pennsylvania, 
Philadelphia, Pennsylvania 

WICKERSHAM, Mr. James H., 530 Fifth Avenue, New York 36, New York 

WICHTERMAN, Dr. RALPH, Biology Department, Temple University, Philadelphia, 
Pennsylvania 

WieMaN, Dr. H. L., Box 485, Falmouth, Massachusetts 

WiercinskI, Dr. Fioyp J., Dept. of Physiology, Hahnemann Medical College, 
Philadelphia, Pennsylvania 

Wivser, Dr. C. G., Medical Laboratories, Applied Physiology Branch, Army 
Chemical Center, Maryland 

Witurer, Dr. B. H., Dept. of Biology, Johns Hopkins University, Baltimore 18, 
Maryland 

Witson, Dr. J. W., Dept. of Biology, Brown University, Providence, Rhode Island 

Witson, Dr. WALTER L., Dept. of Physiology, University of Vermont College of 
Medicine, Burlington, Vermont 

Wirtscut, Dr. Emit, Dept. of Zoology, State University of lowa, Iowa City, Iowa 

Wo tr, Dr. Ernst, Pendleton Hall, Wellesley College, Wellesley, Massachusetts 

Woopwarp, Dr. ArtHUR A., Army Medical Center, Maryland (Applied Physiol- 
ogy Branch, Army Chemical Corps. Medical Laboratory) 

Wricut, Dr. Paut A., Dept. of Zoology, University of Michigan, Ann Arbor, 
Michigan 
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V. REPORT OF THE LIBRARIAN 


In 1956, the number of currently received journals totalled 1575 (48 new). 


Of these titles, there were 471 (6 new) Marine Biological Laboratory subscriptions ; 
607 (12 new) exchanges and 182 (15 new) gifts; 81 (9 new) were Woods Hole 
Oceanographic Institution subscriptions; 184 (4 new) were exchanges and 50 (2 
new) were gifts. 

The Laboratory purchased 60 books, received 77 complimentary copies (12 
from authors and 65 from publishers), and accepted 25 miscellaneous gifts. The 
Institution purchased 23 titles and received 5 gifts. The total number of new 
books accessioned amounted to 190. 

By purchase the Laboratory completed 14 journal sets and partially completed 
13. The Institution completed four sets and partially completed three. Volumes 
and numbers received by gift and by exchange completed four sets and partially com- 
pleted 16 sets. 

There were 6112 reprints added to the collection, of which 2326 were of current 
issue. 

At the end of the year, the Library contained 66,590 bound volumes and 202,201 
reprints. 

The Library sent out on inter-library loan 192 volumes and borrowed 74 for the 
convenience of the investigators. 

Dr. E. Newton Harvey’s collection of reprints was processed in 1956 and sev- 
eral thousand were added to the Library’s collection. The duplicate material was 
presented to the University of North Carolina Library. 

At the close of the year, Dr. Albert I. Lansing was influential in having an 
accumulation of reprints sent from the University of Pittsburgh. These will be 
processed in 1957. 

Grateful acknowledgment is extended to Drs. Alfred C. Redfield, Henry 
Stommel, Ethel B. Harvey, Roberts Rugh, P. W. Whiting, Wm. R. Amberson, 
Dorothy Wrinch, Helen W. Kaan, and to the Tompkins-McCaw Library, Medical 
College of Virginia, for valuable and useful contributions of books, reprints and 
old photographs. 
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During the summer, the Library Committee, fully aware of the demand for an 
increase in the purchase of books, took action in securing a larger appropriation 
for this purpose. A Library Advisory Committee was appointed to recommend 
titles for purchase in 1957. There are 23 persons on this Committee and it is 
hoped a very substantial increase in book acquisitions will be realized. Extra funds 
are also expected in 1957 for the binding of back periodical volumes—work that 
has been neglected in order to keep the current binding up to date. The steady 
increase in the number of current periodicals now being published has also made 
it necessary to request an increase in the budget for 1957. 

In August, Mrs. Priscilla B. Montgomery, the former Librarian, passed away. 
It is due to her foresight during the early days of the Library’s rapid growth, that 
the present system, initiated by her, has proved to be an adaptable and an efficient 
one. The Library is a very fitting memorial to the loyal service and painstaking 
work displayed by her during the years 1919-1947. (A memorial paper is con- 
tained in the Laboratory’s report). 












Respectfully submitted, 










DesorAH L. Hartow, 
Librarian 







VI. REPORT OF THE TREASURER 


The combined market values of securities for the General Fund and the Library 
at December 31, 1956, amounted to $1,472,265.00 as compared with the total of 
$1,500,773 as of December 31, 1955. The average yield on the securities was 
3.76% of market value and 5.55% of book value. The total uninvested principal 
cash in the above accounts as of December 31, 1956, was $1,551.72. The securities 
list held in the Endowment Funds appears in the auditor’s report. 

The pooled securities had a market value at the end of the year of $242,759.00 
with uninvested principal cash in the amount of $430.12. The book value of the 
securities in this account was $223,341.33. The average yield on market value 
was 3.77% and 4.10% on book value. 

The proportionate interest in the Pooled Fund account of the various Funds as 


of December 31, 1956, is as follows: 























ee eee re eee 16.680% 
General Laboratory Investments .................-. 60.619 


Other : 
Bio Club Scholarship Fund .................... 













Rev. Arsenious Boyer Scholarship Fund ........ 2.161 
IEE con nvcccssesesecenseares 2.024 
Pie Te Mien Fae. oie oe is i eS ea 392 
ae Cae Peers FONE i. 2. So oie iw ccs edad, 6.824 
ee RD eee 7.391 
oe ee I OD) i ek CUS. Wek bess Daie 1.252 






M. H. Jacobs Scholarship Fund ................ 
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During the year we received a gift entitled “Frank R. Lillie Fellowship Fund” 
consisting of 800 shares of Crane Company common stock. While we can change 
the investments in this account, it must be kept intact. It was therefore not eligible 
to be included in the Pooled Fund account. Accordingly, a special custodian ac- 
count was established for these securities. We are also holding in this account 
the securities of the General Biological Supply House. 

The pledge of $8,000 par value government bonds still remains to secure the 
loan of the MBL Club which has been reduced over the years from $7,000 to $2,330 
at the year end. 

Donations from MBL Associates for 1956 were $5,255.00 as compared with 
$2,940.00 for 1955. Gifts from individuals for unrestricted use were $679.00. 
Foundations, societies and companies donated $25,500.00. The $6,677.83 balance 
of the $50,000 from the National Science Foundation for hurricane rehabilitation 
has been used to cover delayed repairs to the plant, attributed to the hurricane. 

The apartment house rentals during the winter months amounted to $2,902.30. 
The cost of heating was $922.19 leaving a balance of $1,980.11 to be applied against 
the general expenses of lighting, water and insurance. 

We were able to purchase short term treasury bills to activate some of the cash 
in the Falmouth account arising from the donations from foundations for anticipated 
construction, the payment for which was scheduled at a later date. The purchase 
of $50,000 U. S. Treasury bills was made in November, 1956 to run for 90 days. 
The interest earned on this purchase was $330.50. 

Lybrand, Ross Bros. and Montgomery have examined our books and sub- 
mitted financial statements for examination. 

Following is a statement of the auditors. 


To the Trustees of the Marine Biological Laboratory, Woods Hole, Massachusetts: 


We have examined the balance sheets of the Marine Biological Laboratory as 
at December 31, 1956, and the related statements of operating expenditures and 


income and of current fund for the year then ended. Our examination was made 
in accordance with generally accepted auditing standards, and accordingly included 
such test of the accounting records and such other auditing procedures as we con- 
sidered necessary in the circumstances. 

In our opinion, the accompanying financial statements present fairly the assets, 
liabilities and funds of the Marine Biological Laboratory at December 31, 1956, 
and the expenditures and income for the year then ended. 


LYBRAND, Ross Bros. & MONTGOMERY 


Boston, Massachusetts 
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MARINE BIOLOGICAL LABORATORY 
BALANCE SHEET 


December 31, 1956 


Investments 


Investments held by Trustee: 
Securities, at cost (approximate market quotation $1,472,265) 995,086 
1,552 


996,638 


Investments of other endowment and unrestricted funds: 
Pooled Investments, at cost (approximate market quotation $242,759) 223,341 
Other investments (Note A) 75,085 
Cash 6,690 
Accounts receivable 6,838 


311,954 


Plant Assets 


Land, buildings, library and equipment (Note B) 
Less allowance for depreciation (Note B) 


Current Assets 


100,045 

U. S. Treasury bills, face value $50,000, due 2/15/57 temporarily invested pending ex- 

penditures for rehabilitation of Supply Department building and certain labora- 
tories (approximate market quotation $49,800) 50,000 
Common stocks, at market value at date of gift 5,728 
Accounts receivable ($12,880 from U. S. Government) 25,535 
Inventories of specimens and Bulletins 58,269 
Prepaid insurance and other 15,980 


$2,996,711 


Notes: 


A—The Laboratory has guaranteed a note of approximately $2,400 of the M. B. L. Club 
and has pledged as security therefor bonds with an original cost of $7,900 included 
in other investments. 


B—The Laboratory has since January 1, 1916 provided for reduction of book amounts 
of plant assets and funds invested in plant at annual rates ranging from 1% to 5% 
of the original cost of the assets. 
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MARINE BIOLOGICAL LABORATORY 
BALANCE SHEETS 


December 31, 1956 


Endowment Funds 


Endowment funds given in trust for the benefit of the Marine Biological Laboratory $ 996,638 
Endowment funds for awards and scholarships : 


Principal 62,861 


Unexpended income 64,281 


206,378 
41,824 
(529) 


Unrestricted funds functioning as endowment 
Retirement fund 
Pooled investments—accumulated gain or (loss) 


311,954 


Plant Liability and Funds 

Mortgage payable on demand, 5% 5,000 
Funds expended for plant, less retirements 

Less allowance for depreciation charged thereto 


2,419,492 
991,930 1,427,562 


1,432,562 


Current Liabilities and Funds 


Accounts payable 
Unexpended balances of gifts for designated purposes ............-.--eeceeeeeecee 


Advance payments on research contracts 


11,540 
83,189 
147,175 


Current fund 


$2,996,711 
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MARINE BIOLOGICAL LABORATORY 
STATEMENT OF OPERATING EXPENDITURES AND INCOME 


Year Ended December 31, 1956 


Operating Expenditures 


Direct expenditures of departments : 
Research and accessory services .. : ere $161,259 
Instruction “i er 33,186 
Library, including book purchases pete shail ok oe ; 28,631 
iological Bulletin robs wi 15,902 
238,978 
Direct costs on research contracts .... es 
Administration and general ee ; oa Seas ae ieee 48,744 
Plant operation and maintenance .... ceaeeneoaaiKea te da 76,926 
Hurricane emergency repairs pbdicea adds: j Reed ars 6,678 
Dormitories and dining services aaatnloe’s sted da eubls 131,464 
Equipment purchased from current funds 


560,983 


Less depreciation included in plant operation and dormitories and dining services 
above but charged to plant funds 


Income 


Direct income of departments: 
Research fees eae ; tad 
Accessory services (including sales of biological specimens $66,571) aN 94,978 
Instruction fees ba 17,174 
Library fees and income .. 6,625 
Biological Bulletin, subscriptions and sales 18,148 
181,432 
Reimbursement and allowance for direct and indirect costs on research contracts ...... 56,429 
Dormitories and dining services income .... ... 108,375 
346,236 
Investment income om pee beocs ... 81,501 
Gifts for current use .... a Sa, 
Sundry income ™ _ eneeeaes 376 


Total current income 


Excess of income 
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MARINE BIOLOGICAL LABORATORY 
STATEMENT OF CURRENT FUND 


Year Ended December 31, 1956 


AIUD MIN 25 he a ie oe ae he ae SAhel pele Oh tly Wie kee ee ee oe $119,559 


Excess of income over operating expenditures, 1956 


anONOIS UUM COUUES STII, lnhor dda AW deikc ch absd vcs soak hw fleece oh 


MARINE BIOLOGICAL LABORATORY 
SUMMARY OF INVESTMENTS 


December 31, 1956 


\pproximate Investment 
% Market % of Income 
Total Quotations Total 1956 
Securities held by Trustee: 


General endowment fund: 


U. S. Government bonds $ 97,052 11.7 $ 93,462 ‘ $ 4,299 
Other bonds 406,226 48.9 409,437 33. 8,990 


503,278 60.6 502,899 41. 13,289 
Preferred stocks 85,788 10.3 71,500 a 3,370 
Common stocks 241,652 29.1 644,556 52. 29,350 


830,718 100.0 1,218,955 100.0 46,009 
General Educational Board endowment 
fund : 


U. S. Government bonds 18.9 30,164 
Other bonds 65,925 40.1 53,200 





96,962 59.0 83,364 
Preferred stocks 27,28 16.6 24,274 
Common stocks 125 24.4 145,672 





164,368 100.0 253,310 


Total securities held by Trustee $995,086 $1,472,265 
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MARINE BIOLOGICAL LABORATORY 


SUMMARY OF INVESTMENTS—Continued 


Investments of other endowment 


stricted funds: 
Pooled investments : 
} 


U. S. Government bonds 
Other bonds 


Common stocks 


Other investments : 


Government bonds 
stocks 


ud: S& 
Common 


Real estate and mortgage 


investments of 
dowment and 


funds 


Total 


Total investment income received 


December 31, 1956 


% 
Total 


and unre- 


16.9 
42.1 


$ 37,800 
93,936 
131,736 
91,605 


59.0 
41.0 


223,341 100.0 


7,920 

43,600 

23,565 

75,085 
other en- 
unrestricted 


Custodian’s fees charged thereto .... 


\pproximate 


Market 


Quotations 


$ 34,119 
90,628 
124,747 
118,012 


$ 242,759 


% of 


Total 


51.4 
48.6 


100.0 


Investment 
Income 
1956 


220 


20,613 


20,833 


$29,704 
85,35: 
(412) 


$84,941 





THE BREEDING OF POLYCHAETOUS ANNELIDS NEAR 
PARGUERA, PUERTO RICO 


M. JEAN ALLEN! 


Department of Biology and Institute of Marine Biology, College of Agriculture and 
Mechanic Arts, University of Puerto Rico, Mayaguez, Puerto Rico 


The writer set out to accomplish an embryological problem involving some of 
the polychaetous annelids of Puerto Rico. No information on the breeding habits 
of this group was available. To obtain suitable embryological material, therefore, 
it was necessary to determine the breeding periods of some of the species which 
were readily accessible. The information obtained is thus incidental to the main 
problem. Several people, however, have expressed an interest in its publication, 
since apparently little is known concerning the breeding habits of tropical marine 
forms. The information may be of some value to others interested in studying 
tropical or subtropical marine forms. 

Observations and collections were made throughout the year. Night collections 
were made at the laboratory dock on the island of Magiteyes, Parguera, Puerto 
Rico, with a reflector bulb attached to an extension cord, and a dip net, or from a 
boat over nearby coral reefs with the aid of a reflector light attached to a battery. 
Some of the former collections were made throughout a full year; collections over 
the reefs were made from March to December, 1955. Collections made during the 
day were largely from the shallow seas over coral reefs, and along the edge of 
mangrove islands. The waters of this area of the Caribbean are relatively warm 
throughout the year, being somewhat cooler during the “winter” months. The 
temperature of the surface water goes as high as 87° F. at the laboratory dock 
(September 1, 1955). The tides in this area show little variation in height, the 
difference between the lowest low tide and the highest high tide rarely exceeding 
41 cm. in any month. 

Dr. Olga Hartman and Dr. Marian H. Pettibone were kind enough to identify 
the species here described. I am most grateful for their generous help, and also 
wish to express my appreciation to Mr. Donald Erdman who kindly assisted with 
many of the night collections, and to those individuals of the College of Agriculture 
who were so cooperative in putting the facilities of the Marine Institute and of the 
Department of Biology at my disposal. 

The polychaetes on which observations have been made are arranged by families 
for convenient reference. Throughout the paper, one asterisk (*) refers to those 
species identified by Dr. Hartman, and two asterisks (**) to those identified by 
Dr. Pettibone. 

FAMILY SYLLIDAE. Autolytus ornatus (Verrill) *. The female or sac- 
conereis stage of the red-banded Autolytus may be collected at the dock at night the 

1U. S. Public Health Service Post-doctoral Research Fellow of the National Cancer 


Institute, 1954-56. Present address: Department of Biology, Wilson College, Chambersburg, 
Pennsylvania. 
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year round with the possible exception of the end of January and the beginning of 
February. It was found to be most abundant during the last half of May and 
June, during July (particularly during the middle of the month), and the first part 
of September. Individuals rise from a depth of several feet to the surface within 
the circle of light. When abundant, as many as 50 have been collected with one dip 
of the net, and as many as 165 have been collected within an hour. The female 
stage of this polychaete measures approximately 13 mm. However, individuals 
appear about half this size as they tend to curl ventrally around an egg sac in which 
developmental stages are borne. Before being released, white spherical eggs, ap- 
proximately 85 micra in diameter, are packed within the coelom for the entire length 
of the body. Their development will be considered in a subsequent paper. The male 
(polybostrichus) stage of this syllid has been observed only twice. This was not 
at the dock where the sacconereis stage collects but over a reef on the nights of July 
26, when 8 specimens were obtained, and September 21, 1955, when 2 specimens 
were collected. 

In a series of papers written in 1951, Fauvel describes some polychaetous 
annelids from the Gulf of Tadjoura (French Somaliland) caught by M. J.-L. Dantan 
during night fishing with a light in the months of January, February, and March, 
1933 and 1934. The Gulf of Tadjoura is closer to the equator than is Puerto Rico 
so presumably the water would be very warm the year round. Fauvel (1951a) 
notes that during night fishing in the gulf the syllids and nereids were the most 
abundant and most interesting of the species collected although other epitokal species 
were obtained too. The collecting in Puerto Rico also yielded primarily syllids and 


nereids. Fauvel (1951b) describes a number of species of syllids including 
Autolytus. It is interesting to note, however, that the polybcstrichus stage of 
Autolytus was caught in enormous quantities (many hundreds) while the sacconereis 
stage was relatively rare (Fauvel, 195la). As described above, the reverse was 


, 


true in the Puerto Rican waters (although “enormous quantities” were not ob- 
tained ), the male stage rarely being observed. From a plankton collection Thorson 
(1946) reported three sacconereis specimens of 4. prolifer with larvae close to hatch- 
ing stage in the ventral egg sac and one polybostrichus stage of the same species. 

The temperature of the surface water from which A. ornatus was collected at 
Parguera, Puerto Rico, probably never goes below 75° F., even in January. It is 
interesting to note Bumpus (1898a) has reported that at Woods Hole, Massa- 
chusetts, during the month of March, 1898, Autolytus cornutus was frequently 
taken with eggs, the temperature ranging from 38° F. at the beginning of March to 
43° F. at the end. Mead, in 1898, reported that Autolytus (species unspecified) 
with egg clusters attached was regularly taken in his tow at Woods Hole, usually 
3 or 4 at a time, during the early part of April (water temperature approximately 
41 to 42° F.). Bumpus (1898b) noted that the tow-net on May 7 brought in 
Autolytus but without eggs; on May 10th he noted several egg-bearing individuals, 
and on the 11th a male swimming about and finally fastening to a female with his 
jaw. Throughout the latter portion of May, Autolytus was abundant. In his 
report for June, July, and August, Bumpus (1898c) notes that Autolytus and other 
syllids which were frequently taken at Woods Hole had ventral egg sacs. 

In the cold waters of Point Barrow, Alaska, both female stolons (with egg 
sacs) and male stolons have been reported for several species of Autolytus (Petti- 
bone, 1954). This material was collected by Dr. G. E. MacGinitie of the Arctic 
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Research Laboratory. While the writer was still collecting A. ornatus in Puerto 
Rico, the following very interesting description of Autolytus fallax from the Point 
Barrow collection was published (MacGinitie, 1955, p. 138): “The female sac- 
conereis stages bearing egg sacs were taken through the ice from January 25 to May 
17,1950. On March 29, 1950, there were hundreds of these worms, with egg sacs, 
swimming in the water at the 80-foot plankton hole and on April 7, 1950 (1.9 miles 
from shore) when the slush ice was removed from a 4-foot-wide lead, hundreds were 
welling up and swimming around. The worms were about 10 mm. long and the egg 
sacs 2.5 mm. long.” It thus appears that Autolytus is able to tolerate a very wide 
temperature range for breeding, and that in the warm waters of Puerto Rico A. 
ornatus breeds all the year round with the possible exception of late January and 
early February. Hartman (1951) remarks that both sacconereis and polybostrichus 
stages of Autolytus brevicirrata Winternitz may be taken in plankton during the 
summer. Dales’ comments (1951) on the breeding season of A. prolifer (A. 
cornutus?’—see Pettibone, 1954) indicate that the breeding habits of this species 
may be similar to those of A. ornatus. 

The sacconereis stage of another syllid, unidentified as yet, was collected oc- 
casionally along with A. ornatus. This species is yellow in color, is not banded, and 
has smaller eggs and larvae (various stages were collected) than those of A. ornatus. 
Thus far it would appear that this species cannot be collected in sufficient numbers 
for embryological purposes. 

FAMILY NEREIDAE. Nereis riisei Grube*. Both male and female het- 
eronereids of this species have been obtained in the evenings, both at the dock and 
over reefs, during most of the year. No real swarming, such as has been described 
for some species of Nereis, has been noted. Usually only one to a few 
individuals have been observed in an evening. The largest number observed was 
within an hour’s time (between 8:00 and 9:00 p.m.) on March 23. Shedding does 
not ordinarily occur when the worms are isolated but only after a male and female 
are put together. The spherical eggs, approximately 190 micra in diameter, have 
numerous oil droplets as is characteristic of other nereid eggs. Results following 
attempts at artificial fertilization varied. In some cases no shedding occurred; in 
others, shedding of gametes occurred without development; in others, development 
ceased during cleavage ; and in successful cases the eggs developed into larvae with 
three external sets of setae within three days. Results suggest that the height of the 
breeding period of this form extends from the last week in July to the beginning of 
September. None were obtained during four observations throughout June, with 
the exception of June 27 when one individual was observed. None were observed 
during the last part of September and October, 1955 (a few were collected on 
October 7, 1954). One was observed on November 7, none on November 14, and 
two (one with posterior end missing) on November 22, 1955. Occasional indi- 
viduals were collected throughout the other months of the year. 

A number of nereids have been described by Fauval (195la-d) from the collec- 
tion from the Gulf of Tadjoura but this group did not include Nereis riisei Grube. 
The heteronereid stages of NV. riisei, collected at Parguera, Puerto Rico, are in size, 
color, and behavior under the light, reminiscent of Nereis succinea (Leuckart), 
commonly called Nereis limbata (Ehlers), found at Woods Hole, Massachusetts. 
N. riisei differs, however, in that the males observed were larger than the females 


and no real swarming occurs. This is in even greater contrast to the spectacular 
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behavior of the Nereis succinea occurring in eastern Canadian waters (Berkeley 
and Berkeley, 1953). Swarming in the case of N. succinea (at least, in the Wox ids 
Hole area) seems to be more closely associated with the lunar cycle (Lillie and 
Just, 1913) than is the appearance of the heteronereid stage of N. riisei in Puerto 
Rican waters. 

Ceratonereis mirabilis Kinberg **. Small heteronereids of this species (approxi- 
mately 7 mm. in length) were collected at night over coral reefs. They were never 
observed at the dock. Night collections over reefs were begun on March 11, 1955, 
when the only suggestion of real swarming of this species was observed. The 
heteronereids shed their gametes when isolated. Males appear yellow in color prior 
to shedding and pinkish (posterior portion) after shedding. Females appear whitish 
before and pinkish after shedding. The eggs, approximately 120-125 micra in the 
long diameter, are flattened spheres suggesting biconvex discs. Artificial fertiliza- 
tion was attempted whenever both males and females were collected. It was always 
successful. Embryos swim within 8 hours after fertilization, trochophores develop 
within 12 hours after fertilization, and beautiful larvae with three bushy sets of 
setae develop within 24% days. A few have been kept alive for 22 days but devel- 
oped no additional setae. Collections were made from March 11 to December 14, 
1955, but both sexes were observed only during the new moon each month with 
the exception of March 11, three days after full moon, when the best batch of eggs 
was obtained (to date this exception has not been explained), and three days before 
the first quarter in September when a few were obtained. It should be noted that 
only one sex in the heteronereid form was collected during the new moons of June, 
September, and December. 

Fauvel (195lc) describes several species of Ceratonereis, including C. mirabilis, 
from the night collections in the Gulf of Tadjoura. In several species, only 
heteronereid males were caught. In the case of C. mirabilis, the male epitoke was 
caught in numbers with a few females (mostly in fragments). Fauvel points out 
that while this species is very widely distributed in all warm regions of the Atlantic, 
of the Pacific and particularly of the Indian Ocean (with which the Gulf of Tadjoura 
is indirectly connected ), the epitokal form has been only rarely encountered, the few 
females being mainly fragments. In the Puerto Rican waters the writer was ap- 
parently fortunate in obtaining both sexes in the heteronereid form for embryological 
purposes. 

Nereis sp.**. This is a small pink species, measuring approximately 2 cm. in 
length, with a rather thick body. This worm was frequently collected along with 
Ceratonerecis and other small nereids, but insofar as can be determined only the 
male heteronereids were observed. This has been the experience of other investi- 
gators (see Fauvel, 195la-d). 

Platynereis dumerilii (Audouin and M. Edwards) **. This small pink het- 
eronereid, flattened dorso-ventrally, is usually somewhat smaller than the preceding. 
The heteronereid stage was collected frequently along with Ceratonereis and Nerets 
sp. Again, only male heteronereids were detected. Fauvel (1951d) describes 
several species of Platynereis but not P. dumerilii. It is interesting to note that in 
the Platynereis dumerilii at Naples which breeds from October through May 
spectacular swarming has been observed after the full moon in May (Just, 1929), 
while only a few heteronereids were observed in Puerto Rico and these during the 
last quarter of the moon and the new moon (several observations). The het- 
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eronereid stages of P. dumerilii were also observed between 8:00 and 11:00 p.m. 
in March, 1955, during the dark of the moon (no moon) on Loch Hourn, 
Scotland (Dr. L. R. Fisher, personal communication, 1957). These observations 
suggest that P. dumerilii is able to tolerate a wide temperature range for breeding. 
Nereis allenae (Pettibone). Only two heteronereids of this small species (ap- 
proximately 1 cm. long) have been collected, one on August 25 (first quarter of the 
moon) and one on September 15 (new moon), 1955. Both were collected during 
the evening from the shallow water over the reef between the Marine Laboratory 
and Caballo Blanco Island, Parguera, Puerto Rico. This was the first time that the 
writer had observed polychaete eggs laid in short strings resembling blue-green 
algae. The eggs made up a single row of cells (approximately 30 eggs in some 
strings). Within about an hour after laying, the eggs became isolated due to the 
dissolution of the substance (jelly?) holding the eggs together. The eggs after 
fixation measure approximately 160 micra in diameter. This polychaete is a new 
species (Pettibone, 1956). 
Several other species of nereids are represented by heteronereids (including egg- 
laying females) in night collections but they have not, as yet, been identified. 
FAMILY GLYCERIDAE. Glycera ?sphyrabrancha Schmarda **. On the 
evening of October 31, 1955, between 8 and 8:40 p.m.,two females, 28 cm. and 
23 cm. long, respectively (when fixed), and a long male segment of this species 
were observed swimming in surface water at the dock light. They were caught in a 
dip net and isolated in finger bowls, whereupon the shorter female and the male 
segment shed their gametes. The eggs (resembling flattened tops and approxi- 
mately 125 micra in diameter) are whitish, with a large central germinal vesicle 
(50 micra in diameter) and finely granular cytoplasm. They are liberated in two 
streams, apparently from two pores about midway down the body. Two drops of 
diluted very active spermatozoa were used to inseminate the eggs. At approxi- 
mately 9:30 p.m. another female was observed and caught with the dip net. The 
relatively few eggs suggested she may have shed already. Within 1 hour and 40 
minutes after insemination a number of the eggs of the first female were at the 2- to 
4-cell stage (mostly the latter) but a number had not cleaved. Within 11 hours 
many ciliated swimmers were observed in the dish. Within the next 24 hours 
larvae with a prominent prototroch had formed and within the next 24 hours (age, 
2'4 days) elongating larvae with a differentiating gut had developed. 
EUNICIDAE. Eunice ’pennata (Miller) **. These slender worms, ap- 
proximately 714 cm. long, build small sand tubes, externally covered with shell. 
They are found on the under surface of coral in shallow water. When the coelom 
of a female is packed with eggs, the posterior half of the body appears green due to 
the pigment within the eggs. The eggs, approximately 175 x 160 micra in di- 
ameter, are oval with a prominent germinal vesicle. The posterior half of males 


with spermatozoa appears cream in color. Not many specimens have been col- 
lected, but females with eggs have been observed in February, March, April, May 
(one female was observed over a reef on the evening of May 6), September, and 
November, 1955. The few attempts at artificial fertilization were unsuccessful. 
Eunice (Nicidion) sp.**. This is a small species about the size of E. ?pennata. 
The worms are found on the under surface of coral in association with E. ?pennata 
tubes, or close to them, and may occur in clumps of several individuals twined about 
one another. The eggs (observed only in September) are bright pink and may be 
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observed readily through the body wall. This species has been observed only in 
September, October, and November, but no definite attempts were made to look for 
it. Fauvel (1951d) identified several species from the Gulf of Tadjoura collection, 
including Eunice (Nicidion) edentulum which he describes as a cosmopolitan and 
widely distributed species living in the Indian Ocean, Pacific, and Atlantic. 

Lysidice sp.**. Between 7:30 and 9:00 p.m. on the evening of December 14, 
1955, a number of worms were observed in the circle of light swimming in the 
shallow water over a reef near the laboratory and several were shedding gametes. 
The adults were isolated and the eggs were inseminated artificially. In about three 
hours spherical surface swimmers were observed and 16 hours after insemination 
orange-red eyespots were visible. This species also was collected in November 
but shedding was not observed. Fauvel (1951d) identified Lysidice collaris from 
the Gulf of Tadjoura and described it as being widely distributed in warm seas. 

AMPHINOMIDAE. Hermodice carunculata (Pallas) *. This large fireworm 
is rather plentiful in the Puerto Rican area and is locally referred to as a “marine 
centipede.” It has been observed during the daytime lying about on reefs in 
shallow water or on the sandy to muddy bottoms surrounding mangrove islands. 
An occasional individual was checked for gametes at least once a month from Janu- 
ary through June, 1955, by making a small slit in the body wall. No gametes were 
observed in this period except on January 13 when an injured female shed many 
orange-colored eggs, approximately 100 micra in diameter. In November, 1955, 
a few specimens were again checked for gametes. Eggs were observed (though 
not very abundant) in one female on November 8, and in another on November 29. 

Eurythoé complanata (Pallas) *. This is another common “marine centipede” 
often collected along with H. carunculata on shallow reefs. Eggs have not been 
observed but very small worms have been collected early in November (one meas- 
ured 19 mm. and a second 13 mm. when fixed). Fauvel (195la) identified one 
specimen of this species taken from the Reef of Ambouli, noting that it is found 
in all tropical seas. Both this species and the preceding are found in the Gulf of 
Mexico along the coast of Florida (Hartman, 1951). 

Notopygos crinita Grube **. This species of fireworm has been observed only 
in May. On the evening of May 13, 1955, two males and one female were ob- 
served swimming over a reef. When isolated in finger bowls, they shed immedi- 
ately. The eggs fertilized readily, developing into much flattened, top-like trocho- 
phores within 14 hours. Four days after insemination, they had developed into 
weird-looking larvae with two sets of much elongated glass-like setae. The larvae 
died within the next two days. On the evening of May 20 a small male was 
collected similarly. It did not shed until taken to the laboratory. No other indi- 
viduals were observed. 

FAMILY POLYNOIDAE. Chaetacanthus magnificus (Grube) *. Often one 
to several of these worms were collected incidentally on coral reefs in shallow water 
from September, 1954, to May, 1955, but no shedding was observed nor were 
gametes seen when the body wall was pricked. Later (November 14, 1955) a few 
more were collected. Upon puncturing the body wall one of these shed a few 
whitish, opaque, almost spherical eggs, approximately 100 «x 85 mm. in diameter. 

FAMILY TEREBELLIDAE. Thelepus setosus (Quatrefages) *. This 
species is found in tubes, covered by sand and shells, on the under surface of coral 


in shallow water. Pink, disc-shaped eggs (the larger measuring approximately 185 
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micra in diameter) are readily observed through the body wall moving about within 
the coelomic fluid. A number of individuals have been collected each month from 
November, 1954, to November, 1955, at various phases of the moon (collections 
were made during the day) but no fertilization has been attained. Individuals 
when collected were isolated and checked periodically for shedding. Changing the 
temperature, and also the sea water in which they have been kept, was done con- 
sistently but did not prove successful in stimulating shedding. In one instance, on 
March 31, a male shed active spermatozoa within 30 minutes after isolation; an 
attempt at artificial fertilization was unsuccessful. On September 10, one individual 
out of six shed many eggs on the day after it was collected (following two changes 
of temperature and of sea water). The breeding habits of Thelepus may be similar 
to those of its relative, Amphitrite ornata Verrill. Mead (1897) collected approxi- 
mately 800 specimens of A. ornata from June through August and only rarely ob- 
tained ripe gametes. He stated (p. 229) that it “is useless to cut the animals open, 
for, if the sexual products are mature, they will be discharged, usually at about 6 
o'clock in the evening, more often on the day of capture, sometimes the next day. 
The rarity of ripe specimens is partly compensated for by the enormous number 
of eggs which may be obtained from one female.’’ Scott (1909) concluded that the 
height of spawning for A. ornata is in July and is closely related to the spring tide. 
As suggested by the above observations, no definite conclusions can be drawn, as 
yet, regarding the specific breeding habits of Thelepus setosus. 

Eupolymnia crassicornis (Schmarda) *. This worm lives in a collapsible tube 
of mucus reinforced by pebbles, sand, shell, calcareous algae, etc. The breeding 
habits of this species probably are similar to those of Thelepus. Eggs, if plentiful 
enough, appear as lavender areas seen through the body wall. The color is due to 
the pigment in the ova. The larger of the disc-shaped eggs are approximately 175 
micra in diameter. This species likewise has been checked the year round, from 
January to December, 1955, and treated in the same manner as Thelepus. On 
March 15, at 5:00 p.m., individuals collected that day were isolated, and by 8:00 
p.M. two females had shed many eggs, and one a few eggs. By then, the germinal 
vesicle had broken and one male had shed active spermatozoa. Two batches of 
eggs were inseminated ; one showed no development and the second had an occa- 
sional swimmer moving slowly within 314 hours after insemination. All of these 
swimmers died within the next day and a half. Possibly the eggs were over-ripe. 
On June 27, another attempt at artificial insemination was unsuccessful. On 
September 11, six males shed active spermatozoa. Artificial insemination was tried 
although the female used had not shed normally. No development occurred. On 
November 15, one out of the six worms collected that morning had shed active 
spermatozoa by 6:00 p.m., and on November 29 one of two males shed at approxi- 
mately 6:00 p.m. 

SABELLIDAE. Sabellastarte magnifica (Shaw) **. This large feather duster 
lives in a membranous tube attached to coral in shallow water. Relatively few 
specimens have been checked the year round for gametes. The rather small eggs 
(approximately 55 micra in diameter) are whitish discs with a central germinal 
vesicle. They tend to shrink when freed from the coelom, suggesting that they are 
not osmotically balanced with the sea water. Eggs have been observed in August, 
September, and October, and males with active spermatozoa have been collected 
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in September, October, and November (one male, November 23). The few at- 
tempts at artificial fertilization were unsuccessful. 

Sabella melanostigma Schmarda*. This species of feather duster, smaller and 
more slender than the preceding, lives in a slender membranous tube (covered with 
fine silt and mud) found attached to stones or shells or to mangrove roots. Indi- 
viduals with eggs (most of the eggs shrivel in sea water) and motile spermatozoa 
were collected from January through May. No gametes were observed in the few 
specimens checked in June, July, and August. One check was made in September 

- two females examined had minute eggs; a male individual, considerably smaller 
than the females, had active spermatozoa. Both eggs and active spermatozoa were 
noted in October and November. The few attempts at artificial fertilization, scat- 
tered throughout the year, proved unsuccessful. 

SERPULIDAE. Spirobranchus tricornis (Morch) *. This small feather 
duster builds a calcareous tube in the common coral, Porites porites. The eggs, ap- 
proximately 80-85 micra in diameter, are flattened spheres. They are relatively 
clear except for the orange pigment granules in the cytoplasm. The sex of indi- 
viduals can often be determined with the naked eye if the coelom is packed with 
gametes. Females have bright orange tips (basal end), as the pigment in the mass 
of eggs shows through the body wall; males have whitish or creamish tips when 
packed with spermatozoa. This species has been checked for gametes in every 
month from September, 1954, to November, 1955. Only a few swimmers developed 
following attempts at artificial fertilization from November through February. A 
number cleaved following artificial fertilization from March through October, 1955. 


These developed into typical trochophores, some batches swarming with the ciliated 
swimmers. A member of this genus, Spirobranchus giganteus (Pallas), has been 
described by Fauvel (195ld) in the collection from the Gulf of Tadjoura. He 
notes that this species occurs in all intertropical regions of the Indian Ocean, Pacific, 
and Atlantic, mainly on coral reefs. 


It is hoped that the positive results recorded here will prove useful to other 
investigators interested in tropical or subtropical marine forms. Negative results 
should be viewed with caution. 
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The genus Dictyostelium Brefeld (1869) is representative of the Acrasieae, a 
group of simple, cellular slime molds, wherein the life cycle consists of an amoeboid 
vegetative phase and a plant-like fruiting phase. The vegetative phase of these primi- 
tive micro-organisms is characterized by the independent movement and multiplica- 
tion of free-living myxamoebae which feed by the ingestion and digestion of bacterial 
cells. The fruiting phase normally begins with the exhaustion of this food supply 
and is first evidenced by the coordinated inflowing of the myxamoebae to form 
wheel-shaped aggregates, or pseudoplasmodia. It attains its definitive expression 
as a portion of the myxamoebae thus assembled becomes transformed into vacuolate, 
parenchyma-like cells to form the upright stalk, or sorophore, whilst the remainder 
differentiate into capsule-shaped reproductive cells, or spores, to form the elevated 
spore mass, or sorus, of the slime mold fructification, or sorocarp. In most cultures 
of Dictyostelium grown under favorable cultural conditions, virtually all of the 
former vegetative myxamoebae enter directly into radiate pseudoplasmodia and 
subsequently differentiate into either stalk cells or spores (Olive, 1902; Raper, 
1935, 1940a, 1940b; Bonner, 1944). However, marked exceptions to this be- 
havioral pattern occur in certain species and strains. 

Under some conditions, not wholly understood, many of the vegetative 
myxamoebae never enter the fruiting state (i.c., aggregate to form pseudo- 
plasmodia) but as individual cells enter an encystment stage. Such resting cells 
are termed microcysts (Fig. 1). This designation was first applied by Cienkowski 
(fide Olive, 1902) to describe those myxamoebae of Guttulina which under unfavor- 
able conditions tended to form rounded protoplasmic bodies with definite ecto- 
plasmic membranes. Olive widened the application to include other Acrasieae 
and stated that microcyst formation occurred under unfavorable conditions such as 
slow drying in hanging-drop preparations. In our investigations such individually 
encysted cells have been observed from time to time and in large numbers in agar 
plate cultures of Dictyostelium mucoroides Brefeld (1869), and with even greater 
frequency in D. minutum Raper (1941), D. polycephalum Raper (1956a, 1956b), 
Polysphondylium pallidum Olive (1901, 1902), and Acytostelium leptosomum 
Raper (1956b). They are believed to occur in greater or lesser numbers in all 
aging cultures. 

An additional, multicellular encystment stage occurs in occasional strains of 
Dictyostelium mucoroides and in many isolates of D. minutum. These relatively 


complex structures arise by a morphogenetic process possibly alternative to normal 


1 Research investigations reported in this paper have been aided by grants from the 
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sorocarp formation. Because of their larger dimensions and their multicellular 
origin and constitution, these bodies are termed macrocysts (Fig.2). This designa- 
tion was first applied by Raper in 1951 with reference to structures seen in certain 
cultures of D. minutum isolated from soil, but no description of the macrocysts 
was given. More recently, Cormier and Raper (1955) and Raper (1956b) have 
reported briefly concerning their formation and structure. It is of special interest 
that Brefeld, in his original paper on D. mucoroides (1869), described and illus- 
trated as “dwarfed sporangia” structures which are believed to have represented 
macrocysts (Fig. 3). 

The primary purpose of this investigation has been to extend our observa- 
tions on these long neglected structures and to seek answers to three basic questions 
pertaining to them, namely: How are the macrocysts and microcysts formed? 
What conditions favor their development? What are the roles of these encystment 
stages in the life cycle of the Acrasieae? A resumé of our present knowledge of 
these matters is presented herewith. 


MATERIALS AND METHODS 
Micro-organisms investigated 


Several cultures of Dictyostelium were examined relative to the production and 
possible function of the macrocysts, including Dictyostelium mucoroides (Strains 
S-28b, NC-12, and WS-47) and D. minutum (Pur—-8a and WS-56-2). Dictyo- 
stelium mucoroides was the slime mold studied most intensively, particularly strain 
S-28b which produces abundant macrocysts. Macrocysts were first observed and 
photographed in strain NC—12 when this slime mold was isolated in 1937 (Fig. 2). 

Microcysts of several species of the Acrasieae were studied, including those of 
Dictyostelium minutum (WS-116b), D. polycephalum (S-4), Polysphondylium 
palidum (WS-116c), and Acytostelinm leptosomum (FG-12a). Those of D. 
polycephalum are illustrated in Figure 1. 

Different bacterial associates were investigated as food sources for the slime 
molds and for their possible influence upon macrocyst formation. Included among 
gram-negative species were Escherichia coli (No. B-281), Aerobacter sp. (Singh’s 
strain), Aerobacter aerogenes (Sussman’s strain), Flavobacterium sp. (DIF), 
Serratia marcescens (No. B-175), and Pseudomonas fluorescens (No. B—112) ; in- 
cluded among gram-positive species were Bacillus megaterium (No. B-160), B. 
subtilis (Sarles’ strain), and Sarcina lutea (No. B-1018). Escherichia coli, the 
organism used most commonly, is a short rod which is mildly proteolytic and 
ferments both dextrose and lactose; the myxamoebae appeared to grow best when 
feeding upon this bacterium. 


Cultivation of the slime molds 


Environmental and cultural conditions, including (1) temperature, (2) culture 
media, (3) pH of substrate, (4) ammonium ion concentration, and (5) per cent 
relative humidity, were varied to determine their effect upon macrocyst formation 
in Dictyostelium. 


Incubation temperatures used in most of the experiments were 10, 15, 20, 25, 
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and 30° C. The optimum growth temperature for the macrocyst-forming strains 
of Dictyostelium mucoroides was about 20° C., whereas that of the D. minutum 
isolates more nearly approximated 25° C. 

Many different media were employed for the cultivation of the slime molds and 
the associated nutritive bacteria, which, for the most part, were patterned after 
substrates previously reported by Raper (1951). An agar medium containing 
0.1% lactose and 0.1% peptone (0.1 L—P agar) was used most extensively since 
it provided the most reproducible growth and the most consistent macrocyst forma- 
tion in D. mucoroides and in D. minutum. WHorse dung-infusion and 0.05% uric 
acid agars* were also employed because of Brefeld’s report (1869) that dung 
extract and uric acid induced spore germination. 

The pH of the substrates employed for the conjoint growth of the slime molds 
and associated bacteria was varied by buffering with KCI, potassium acid phthalate, 
KH,.PO,, and K,BO, as recommended by Clark and Lubs (Clark, 1928). Bac- 
teria were also pre-grown on buffered 0.1 L—P medium of varied pH and trans- 
ferred to unbuffered medium prior to inoculation with the slime mold (Raper, 
1951). Experiments to determine the possible effect of ammonium ions on growth 
and macrocyst formation in Dictyostelium were patterned after those reported by 
Cohen (1953). 

Different relative humidities were obtained by placing specified concentrations 
of H,SO, in water in desiccators, as reported by Wilson (1921). Two types of 
slide cultures were employed: (1) Maximov tissue culture slides containing one 
ml. 0.1 L—P agar inoculated with a mixed suspension of spores, or myxamoebae 
and macrocysts, of D. mucoroides and EF. coli cells; (2) plain flat slides spread with 


1.0 ml. molten 0.1 L—P agar and inoculated by on-flowing a mixed suspension of 
slime mold and bacteria. The latter slides were supported in an upright position 
by small wooden blocks during incubation. 


Agar plate cultures were grown routinely in glass Petri dishes, to maintain a 
high per cent relative humidity, and incubated in the dark at varying temperatures. 
The plates were cross-streaked or completely smeared with the bacterial associate 
and then inoculated at the center with spores, macrocysts, or myxamoebae of the 
selected slime mold, the type of inoculum and bacterial associate being varied with 
the experiment. 


Dung decoction was made by autoclaving 100 grams of fresh horse dung/liter of water for 
twenty minutes at 15 pounds’ pressure. The resulting decoction was filtered, solidified with 
1.5% agar, and re-sterilized (final pH 6.1-6.35). Uric acid agar consisted of a 0.05% aqueous 
solution of uric acid to which 2.0% agar was added 


PLATE I 


Figure 1. Microcysts of Dictyostelium polycephalum, representing individually encysted 
vegetative myxamoebae. 530. 

Figure 2. Macrocysts of Dictyostelium mucoroides, Strain MC-12, showing the charac- 
teristic habit and structure of these bodies; the cellular stalk of a normal sorocarp appears at the 
far left. > 250 

Figure 3. Illustrations from Brefeld’s description of Dictyostelium mucoroides (1869), 
from left to right: “Dwarfed sporangia,” which are believed to be identical with the macrocysts 
reported in this paper; “small sporangia” with “rudimentary stalks” in the spore-forming plasm; 
“sporangium” with a small stalk surrounded by an enclosing membrane. X 300. 
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Reagents 


Several reagents were employed to establish the cellulosic nature of the walls of 
the macrocysts, namely : 


(1) Chloroiodide of zinc solution was prepared by dissolving 30 grams of 
ZnCl, 5 grams of KI, and 0.89 gram of iodine in 14 ml. of distilled water (Stevens, 
1916). The material to be tested was mounted in water, after which the reagent 
was applied to one edge of the cover glass and drawn under it by placing a piece 
of filter paper against the opposite edge. Cellulosic material stains violet-blue. 

(2) Congo red was prepared as a 0.5% aqueous solution of the dye made 
alkaline by adding two or three drops of concentrated NaOH. In an alkaline 
solution this reagent stains cellulose red, which when put in HCl turns blue 
(Raper and Fennell, 1952). This is a presumptive but non-specific test for cellu- 
lose. 

(3) Schweitzer’s reagent was prepared by bubbling air through 60 ml. of 
NH,OH containing 10 grams of fine copper turnings for one hour (Hodgman, 
1951). Cellulose is quickly dissolved by this strong cuprammonium solution. In 
practice, the macrocysts were generally mounted in water and the reagent was 
applied by drawing it under the cover glass, hence diluting and advantageously 
slowing its action. A 72% aqueous solution of H.SO, was also used as a cellulose 
solvent. 

(4) A strong birefringence in polarized light was likewise interpreted as con- 
firming the predominantly cellulosic composition of the macrocyst wall. 

Nile blue sulfate was employed as a vital dye for staining myxamoebae and 
progressive developmental stages as reported by Bonner (1952). It was also 
incorporated into 0.1 L—P agar prior to inoculation with EF. coli and the slime 
mold, ca. 3 ml./liter of a 0.5% aqueous solution being employed for this purpose. 
Used directly, or when added to the growth medium, it stained vegetative 
myxamoebae a very light blue, whereas aggregating myxamoebae and the cells 


of developing macrocysts assumed somewhat darker shades and appeared less 
granular. 


EXPERIMENTAL RESULTS 
Origin and morphology of macrocysts 


Macrocysts are flattened, irregularly circular to ellipsoidal multicellular struc- 
tures, ranging from 25 to 50 » in diameter. The myxamoebae which contribute 
to their formation appear normal for Dictyostelium mucoroides and D. minutum 
in every respect as they move and feed upon bacterial cells, re-dividing until the 
available food supply is exhausted. As this occurs, the myxamoebae begin to 
aggregate into pseudoplasmodia which, except for their generally limited di- 
mensions, appear basically similar to other pseudoplasmodia that proceed to sorocarp 
formation (Fig. 4). However, instead of producing upright sorocarps, the 
myxamoebae comprising these aggregates remain in compact heaps and subse- 
quently become surrounded by comparatively thick, cellulose walls. When only a 
few myxamoebae aggregate to form pseudoplasmodia, small macrocysts develop 
singly; when larger numbers of cells are involved, the macrocysts are somewhat 
larger and may occur in groups of varying size, ranging from small packets to 
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sheet-like ribbons, depending upon the number of myxamoebae massed together. 
In these larger aggregations, incipient macrocysts are delimited by the secretion 
of delicate cellulosic membranes around limited groups of cells more or less regularly 
spaced throughout the primary aggregate. This is followed by the subsequent 
deposition of thick, predominantly cellulosic walls, mostly circular to oval in pattern, 
that become the rehiseoad rigid boundaries of the individual macrocysts. Com- 
monly the secondary wall is laid down in general conformity with the primary 
membrane, but not infrequently two, three or even more macrocysts develop within 
an initial area of demarcation (Figs. 5-7). 

Somewhat prior to the first evidence of secondary wall formation around the 
nascent macrocyst, cells in the center of the previously undifferentiated mass ex- 
hibit signs of modification and become surrounded individually by strongly re- 
fractive membranes. This process of cellular differentiation advances outward 
until all of the cells comprising the macrocyst are transformed into closely packed, 
seemingly firm-walled cells, termed endocytes (Figs. 8-9). The constitutive 
myxamoebae show no obvious orientation during the early stages of this process; 
but as differentiation proceeds, the peripheral and still amoeboid cells become con- 
spicuously elongate as if appressed against the surface of the steadily enlarging body 
of endocytes (Fig. 6). Parallel with this progressive differentiation of the endo- 
cytes, but in a manner not yet understood, the whole body of functionally integrated 
cells succeeds in building around itself a tough and relatively heavy wall that is rich 
in cellulose. Significantly, the position of this wall is not determined by that of the 
thin primary membrane which initially delimited the bloc of myxamoebae that 
might collaborate in macrocyst formation; rather it is determined by the group(s) 
of cells which first differentiate as endocytes. This is clearly evident from the 
examination of primary aggregates of different dimensions. If the aggregate is 
small, the subsequently formed macrocyst wall will conform generally to that of the 
primary membrane. If the aggregate is relatively large, several centers of endocyte 
formation will arise simultaneously, and outward from these loci, cells will differ- 
entiate progressively to form separate and independent macrocysts, each with its 
own characteristic heavy wall but all contained within the primary membrane ( Figs. 
7-9, 25-27). The entire process of macrocyst formation is normally completed 
within 18 to 24 hours. Successive stages in macrocyst formation are illustrated 
in Figures 4 through 9. 

The endocytes may be isodiametric or slightly elongate, ranging in size from 
about 3.6 to 4.8 » in diameter. As observed within the macrocyst, and when first 
released by breaking the macrocyst wall, these cells normally appear polyhedral 
in outline, but soon become spheroidal or ellipsoidal when no longer compressed by 
adjacent endocytes (Fig. 9). For reasons still unknown they are appreciably 
smaller than the myxamoebae which enter the primary aggregate, the latter usually 
ranging between 6.0-8.0 ,» in the unexpanded state. The smaller dimensions of 
the endocytes may result from a substantial water loss during their differentiation, 
or the contributing myxamoebae may possibly undergo division prior to the de- 
velopment of the refractive membranes which so strikingly distinguish them from 
other cells still amoeboid (Fig. 8). 

Endocytes normally remain as distinct cellular entities within the macrocyst for 
a period of two or three weeks (Fig. 10), after which they commonly lose their 
identity and the protoplasmic content of the entire structure assumes a homo- 
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Origin and structure of macrocysts in ictyosteltum otdes, Strain 


Figure 4. Small radiate pseudoplasmodia which 


lead to the formation of macrocysts 
OU 


Figure 5. Completed aggregations, consisting of irregular mounds of myxamo«e 
to the formation of the primary membranes that delimit incipient macrocysts 


bae, prior 
Figure 6. Enlarged view of 


Sv. 
a later stage in macrocyst development, sl 
macrocysts and the orientation of their constituent myxamoebae 

igure 7. More advanced stage showing clusters of differentiated endocytes centrally 
located in developing macrocysts 80. 

igure 8. 


wing incipient 
360 


Much enlarged view of two macrocysts in process of formation within a single 
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geneous appearance. With further aging, from four to six weeks, the apparently 
acellular content often shrinks to approximately 60-75% of its original volume, 
and in the form of a compacted, brownish mass occupies a central position within 
the partially empty macrocyst wall (Fig. 13). The surface of this central body 
appears slightly irregular and affords no clue to the presence of a continuous 
bounding membrane; rather it suggests a plasmolyzed and shrunken mass that has 
been subjected to uneven pressures and tensions during the process of contraction. 

Many questions remain unanswered concerning the sequence of events leading 
to the advanced acellular structures just described. We have inadequate informa- 
tion concerning their true nature, and we have only incomplete knowledge of their 
significance in the life cycle of those slime molds where they occur. Nevertheless, 
a detailed study of macrocysts of different ages, and under many conditions, has 
revealed a considerable body of information concerning their development and 
behavior. If an endocyte-filled macrocyst is subjected to pressure in an aqueous 
mount, the heavy cellulose wall breaks, much as a hollow rubber ball, and the endo- 
cytes pour out, undergoing the limited changes in shape already noted but retaining 
their identity as relatively firm-walled cells. In contrast, if an older macrocyst 
from which the discrete endocytes have disappeared is similarly crushed, the en- 
veloping wall breaks in a comparable manner, but the entire content flows out as a 
structureless fluid containing innumerable fine particles that immediately exhibit 
brownian movement as they enter a more aqueous environment. 

The explanation for endocyte disappearance in naturally aged macrocysts re- 
mains unknown, but a superficially similar state can be produced artificially with 
alkaline solutions. This was first observed when Schweitzer’s reagent was applied 


to preparations of young macrocysts. Upon contact with the cuprammonium so- 
lution, the refractive walls of the endocytes disappeared, the seemingly merged 
content of the entire macrocyst swelled, and with the partial dissolution of the 
enveloping cellulose wall, the content emerged as a homogeneous and finely granular 
mass superficially resembling a large and completely undifferentiated protoplast 


(Fig. 17). A comparable disappearance of endocytes was subsequently observed 
in preparations following the application of NaOH (1.0 and 0.1 N), albeit the 
heavy cyst walls remained intact (Figs. 10-11). The application of HCI (1.0 N) 
to the same preparations prompted a most dramatic phenomenon, for upon contact 
with this reagent the endocytes reappeared in their original numbers and positions 
(Fig. 12). The same phenomenon of endocyte reversal accompanied the applica- 
tion of acid following treatment of young macrocysts with Schweitzer’s reagent. 
If the exposed macrocyst was quite young the endocytes emerged individually as the 
cellulose wall dissolved, and these collected into a spreading amorphous mass within 
which cell boundaries remained faintly evident, as seen in Figure 16. If the cyst 
was older (but still packed with endocytes) the content — as an intact, 
seemingly homogeneous mass following similar treatment (Fig. 17). In each case 
a discrete cellular structure reappeared with the addition of acid (Fig. 18). 

Macrocyst germination has been observed with the emergence of amoeboid cells 
from the ruptured cyst, and it was first thought that such induced disappearance 
primary envelope, showing clusters of endocytes surrounded by undifferentiated myxamoebae. 
XB 

0. | 


Figure 9. A body comparable to that shown in Figure 8, compressed to release endocytes 
and still undifferentiated cells. 800. 
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Pirate III. Behavior of young (endocyte-filled) and aged (homogeneous) macrocysts in 
D. mucoroides, Strain S-28b, in the presence of alkali and acid. 
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of endocytes might be analogous to the natural phenomena of macrocyst maturation 
and germination. However, further experiments failed to substantiate this view, 
for endocyte reversals did not occur at pH levels that permit growth and other 
vital activities of the slime mold. Furthermore, in the alternate presence of acid 
and alkaline solutions an initially endocyte-filled macrocyst could be interconverted 
repeatedly from an obviously cellular to a seemingly homogeneous state. Such 
reversal undoubtedly represents a physico-chemical reaction rather than a vital 
phenomenon, since macrocysts pre-killed with iodine-alcohol or Schaudinn’s fixa- 
tive react as do untreated structures. 

The aforementioned tests in combination with certain others have provided 
substantial information regarding the wall structure of the macrocysts, and speci- 
mens treated alternately with alkali and acid and stained with chloroiodide of zinc, 
followed by Schweitzer’s reagent, have proved particularly revealing. The “wall” 
of a mature, endocyte-filled macrocyst is seen to consist of three strikingly differ- 
ent parts: (1) an outer, loosely fitting primary covering of indeterminate form 
which characteristically surrounds one or more macrocysts, and may be continuous 
with, or adherent to, comparable envelopes of adjacent structures (Figs. 24-26) ; 
(2) a very much thicker secondary layer that is uniform in thickness, smooth in 
contour, and usually circular or ellipsoidal in outline (Fig. 26); and (3) an inner 
membrane formed by the endocytes prior to their disappearance as discrete cellular 
entities (Fig. 22). Both the primary covering and the secondary wall contain 
cellulose, apparently embedded within a matrix of more resistant material (Fig. 
24-25). Both stain blue in chloroiodide of zinc and both are birefringent when 
viewed with polarized light, yet neither is completely dissolved by Schweitzer’s 
reagent. However, each loses its birefringence upon the addition of the cupram- 
monium or an aqueous solution of 72% H,SO,. The primary membrane contains 
relatively little cellulose, embedded within a mucus-like material, and is reminiscent 
of the slime track and the slime sheath seen in D. discoideum; in contrast, cellulose 
constitutes the principal building substance of the thick secondary wall (Figs. 23 
and 29), just as it does in the sorophore sheath of Dictyostelium (Raper and 
Fennell, 1952). The tertiary wall, if it may be so designated, contains no cellulose 
and represents a continuous film formed in a peripheral position by the mass of 
differentiating endocytes. This thin, innermost layer is non-rigid and contracts or 
expands with changes in the volume and character of the protoplasmic material that 


Pirate III 


Figure 10. Ten-day-old macrocysts produced on 0.1 L-P medium containing Nile blue 
sulfate, untreated. X 360. 

Figure 11. The same macrocysts following exposure to 1.00 N NaOH; note that all 
evidence of the constituent endocytes has disappeared. X 360. 

Figure 12. The same macrocysts following the application of 1.0 N HCl; note how the 
endocytes have reappeared. X 360. 

Figure 13. Six-week-old macrocysts showing the typical contracted homogeneous content 
of such structures, untreated. 360. 

Figure 14. The same macrocysts following exposure to 1.0 N NaOH; note how the 
contents have swelled. X 360. 

Figure 15. The same macrocysts, displaced in their relative positions, following the ap- 
plication of acid; note that the cyst contents have contracted somewhat, but that they show no 
evidence of a cellular structure. X 360. 
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Pirate 1V. Behavior of young and aged macrocysts in Schweitzer’s reagent. 


Ficure 16. Young (endocyte-filled) macrocysts following exposure to Schweitzer’s re- 
agent, showing how the cuprammonium solution dissolves the cellulose walls of the macrocysts 
allowing the endocytes, faintly discernible, to escape. 360. 
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it envelops, functioning as the tenacious covering that confines the merged cyto- 
plasmic content of the aged macrocyst when this is released by dissolution of the 
heavy cellulose wall (Fig. 21). In contrast, when an aged but untreated cyst is 
broken by mechanical pressure this covering obviously ruptures with the cellulose 
wall which surrounds it (see above). 

Similar preparations afforded equally interesting if more perplexing observa- 
tions concerning the behavior of the contracted acellular protoplasmic masses pres- 
ent in the older macrocysts. When exposed to NaOH the shrunken content lost 
the brownish color characteristic of aged cysts and swelled to fill completely the 
heavy macrocyst wall. Upon the substitution of acid, the brownish pigmentation 
returned in part and the content again contracted, but not to its former dimensions 
(Figs. 13-15). Treated with Schweitzer’s reagent the content swelled once more 
and erupted from the disintegrating thick cellulose wall as a single, seemingly 
homogeneous mass. Significantly, no return to a cellular structure has been ob- 
served in the content of any older cysts treated with cuprammonium or NaOH 
solutions upon the addition of acid (Fig. 15). Thus, there is evidence that the 
endocytes actually disappear, either by fusion or disintegration, at the time the 
aging macrocyst assumes a homogeneous appearance. But why does the emergent 
content remain intact following treatment with cuprammonium (Fig. 21) instead 
of flowing out freely as when the wall of the untreated homogeneous macrocyst is 
broken? Does the protoplasmic content represent, in fact, a plasmodium-like mass 
formed by the fusion of endocytes? Possibly so. Does the macrocyst wall actually 
consist of three layers, the innermost persisting about the freed protoplasmic body, 
not because of its inherently greater strength but because it is cuprammonium- 
resistant? Possibly this is true, for upon the application of slight pressure this 
bounding membrane breaks, permitting the fine granular content to escape whilst 
the membrane per se remains as a delicate, irregularly wrinkled and contracted 
envelope exhibiting no birefringence. Alternatively, and more plausibly, if aged 
macrocysts remain viable, as observations indicate, the thin hyaline envelope thus 
demonstrated may, in the living state, represent only the inconspicuous and func- 
tionally modified protoplasmic membrane of the contracted central body itself. 

Two lines of evidence point to the presence of such a semipermeable membrane 
at progressive stages in macrocyst development. When an endocyte-filled macro- 
cyst is exposed to a saturated solution of NaCl or sucrose, the content as a whole 
appears to become plasmolyzed and to withdraw from the surrounding thick cellu- 
lose wall as seen in Figure 22, plainly demonstrating the presence of a continuous 


Figure 17. Older macrocysts (but still endocyte-filled) following exposure to this reagent ; 
note how the nearly homogeneous cyst contents remain intact, and how the formerly heavy 
macrocyst walls are shrunken following the dissolution of their cellulose content. 360. 

__ Ficure 18. Macrocysts of the same age as those shown in Figure 16, treated with 
Schweitzer’s reagent and then exposed to 1.0 N HCl; note how the endocytes have reappeared, 
even in the freed contents of a macrocyst (a). X 250. 

Figure 19. Two-month-old macrocysts, untreated. 360. 

Figure 20. The same macrocysts following treatment with Schweitzer’s reagent; note 
how the outer cellulose wall is being dissolved and how the membrane-encased content is es- 
caping intact. X 360. 

Figure 21. The same preparation after an additional 10 minutes, showing the intact cyst 
contents completely free of the macrocyst walls; the latter are no longer birefringent when 
viewed with polarized light. 360. 
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Piate VY. Macrocyst structure. 
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Figure 22. Young (endocyte-filled) macrocysts in the presence of a concentrated sucrose 
solution ; note how a membrane, the “tertiary wall,” surrounds the endocytes and in the process 
of plasmolysis pulls away from the rigid cellulose wall which is external to it. X 360. 

Figure 23. Macrocysts of comparable age stained with chloroiodide of zinc and then sub- 
jected to pressure to release the endocytes. 300. 
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and differentially permeable membrane external to the constituent endocytes but 
internal to the heavy cellulose wall. The same unitary pattern of plasmolysis is 
seen in macrocysts recently turned homogeneous, and in these there is no suggestion 
of persistent identity for the contributory myxamoebae or endocytes as one might 
expect if they remained as indistinguishable but nonetheless discrete cells. Aged 
macrocysts likewise provide contributory evidence. When placed in relatively large 
volumes of distilled water such structures show variable response depending upon the 
temperature of incubation. In preparations held at 10° C. evident swelling of the 
contracted homogeneous content is observed within 72 hours, and after 10 days 
many empty macrocyst cases, together with abundant free myxamoebae, may be 
observed (Figs. 41-42). At 15° C. little swelling occurs, even after 10 days, and 
only an occasional empty case may be seen. At 20 to 25° C. these responses are 
almost completely lacking (Fig. 40). This behavior is interpreted to indicate a 
selective permeability mediated by a low and favorable incubation temperature, and 
it is most unlikely that this could be attributable to the more conspicuous cellulose 
wall. The evidence would seem to point, indisputably, to the membrane that sur- 
rounds the shrunken cyst content. 


The formation of macrocysts is observed not infrequently in Dictyostelium 
minutum, but their occurrence in strains diagnosed as D. mucoroides is relatively 
rare. In fact, not more than a half-dozen such isolates have been encountered 
among the hundreds of strains of the latter species that we have examined. In 
view of this, it is surprising and noteworthy that Brefeld (1869), in his description 
of D. mucoroides, reported objects believed to be similar to the macrocysts de- 


scribed above. His cultures were grown on microscope slides, and these structures 
developed in older preparations of that type. He described the structures as 
“dwarfed sporangia,” since at times there was evidence of a rudimentary stalk in 
the “spore-forming plasm.” He reported this type of sporangium to be enclosed 
by a comparatively thick membrane of cellulose, which upon examination was ob- 
served to be stratified and was stained violet with chloroiodide of zinc. This 
account agrees well with our observations of macrocysts submitted to various tests. 
He made no mention of the germination of “spores” from the “dwarfed sporangia.” 
Rudimentary stalks such as Brefeld described and illustrated (Fig. 3) have not 
been observed during these investigations, and we believe that he may have ob- 
served immature macrocysts and interpreted clusters of differentiating endocytes 
as representing rudimentary stalks. In our experience, endocytes first appear in a 
localized central position within the developing macrocyst, but occasionally such 
cells do extend to the periphery along a particular radius before comparable dif- 
ferentiation occurs throughout the macrocyst. However, we must not overlook the 
possibility that, in his particular isolate cultivated under different conditions, he 
may have encountered stages truly transitional between macrocysts and well-formed 
sorocarps comprised of sorophores and sori. Certain evidence points to such a 
possibility. The basic similarity of the aggregative processes leading to sorocarp 


Figures 24-27. Selected preparations stained with chloroiodide of zinc to show the loosely 
fitting primary membranes within which 1, 2 or 4 macrocysts have developed; the bodies shown 
in Figure 27 are older, hence the heavy macrocyst walls stain darkly. 360. 

Figure 28. Two-month-old macrocysts as viewed with normal light. 275. 

Figure 29. The same as seen under polarized light. 275. 
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Pirate VI. Influence of substrates and incubation temperature upon macrocyst formation in 
D. mucoroides, Strain S—28b. 


Figure 30. “Spore-forming clone” grown in association with F. coli on 0.1 L—P medium 
— ¢ eo 
atc 


Figure 31. Enlarged view of a portion of this culture showing abundant sorocarps and a 


complete absence of macrocysts. ; 
Figure 32. The same culture as seen in Figure 30, but growing upon a medium containing 


0.1% glucose-0.1% yeast extract, at 20° C. x2 
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formation, on the one hand, and to macrocysts on the other is indeed striking, and 
we have commonly observed in a single microscopic field separate pseudoplasmodia 
undergoing differentiation in these two directions simultaneously. Such a situation 
is illustrated in Figure 36. Unfortunately, we have no adequate explanation of the 
subtle differences that underlie this contrasting behavior, but it is easily conceivable 
that one might encounter individual cases where the shift from one to the other of 
these morphogenetic processes would be incomplete, as suggested by some of 
Brefeld’s illustrations. 

The formation of macrocysts may in effect represent an aberration of the normal 
fruiting process, or it may represent an alternative pattern of differentiation with 
implications of far-reaching significance that are yet unappreciated. The heavy 
cellulose wall which it develops bears in many ways a striking resemblance to the 
sorophore sheath, so essential to the construction of the normal sorocarp (Raper 
and Fennell, 1952), but with this important distinction: the wall of the macrocyst 
is secreted external to the whole mass of myxamoebae that contribute to the 
formation of this body, whereas the sorophore sheath is produced at a critical 
circular locus within the mass by a limited group of specialized cells which subse- 
quently differentiate as the vacuolate cellular elements of the sorophore itself. 

We have, at present, an incomplete picture of the morphology of the macrocyst. 
We have convincing evidence that they can germinate and re-initiate the life cycle 
of the slime mold. However, we do not know the fate of the cells which enter the 
macrocyst, and we do not know the origin of those which subsequently emerge. 
Until such information is at hand we cannot compare in any definitive sense the 
morphogenetic processes that underlie these contrasting developmental stages. A 
thorough cytological and histological study is clearly needed and will be undertaken 
at the earliest possible opportunity. 


Factors influencing the formation of macrocysts 


The obvious factor most directly affecting macrocyst formation in Dictyostelium 
mucorotdes and D. minutum is the inherent genetic constitution of the particular 
isolate. Within our experience, a minority of D. minutum strains and only an 
occasional isolate of D. mucoroides have exhibited this capacity. However, once 
this ability has been demonstrated for a culture, it is sometimes possible to alter 
markedly the relative proportions of macrocysts and of normal sorocarps by 
changing the conditions under which the slime mold is cultivated. The responses 
of D. mucoroides, strain S—28b, have been studied in considerable detail and the 
observations subsequently recorded apply particularly to that strain. Whereas the 
various factors that influence the ratios of sorocarps to macrocysts are invariably 
interrelated, certain conditions which strongly affect these balances have been 
identified and investigated more or less independently. 

Temperature: Second only to genetic constitution is the influence of the incuba- 
tion temperature. When cultivated at 24-25° C. in association with Escherichia 


Figure 33. “Cyst-forming clone” growing in association with E. coli on 0.1 L-P medium 
nav C. x2 

Figure 34. Enlarged view of a portion of this culture showing abundant macrocysts and 
a complete absence of sorocarps. X 7.5. 

Figure 35. The same culture as seen in Figure 33, but growing upon a medium containing 
0.1% glucose-0.1% yeast extract at 20° C. x2. 
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Pirate VII. Macrocyst formation in Dictyostelium mucoroides, Strain WS-47. 


Figure 36. Radiate pseudoplasmodia leading to macrocyst formation (a) and to sorocarp 


formation (b) within the same microscopic field, as seen with low magnification. 24. 


Figure 37. Irregular clump of macrocysts developing from a single pseudoplasmodium 


such as that shown in the preceding figure. X 125. 
Ficure 38. Detail of some of the macrocysts seen in Figure 37. X 600. 





ENCYSTMENT STAGES OF DICTYOSTELIUM 


Prate VIII. Macrocyst germination in Dictyostelium mucoroides, Strain S-—28b. 


Figure 39. Two-month-old macrocysts incubated continuously at 20° C. and removed from 


an agar plate immediately before being photographed; note the single macrocyst at upper right 


which still contains endocytes. X 300. 

Figure 40. Macrocysts similar to the preceding, but removed from agar and incubated 
in distilled water at 20° C. for 10 days prior to photography; note that little evident change has 
taken place. 300. 

Figure 41. Macrocysts like the preceding, but incubated for 10 days at 10° C. just prior 
to being photographed ; note the empty cyst cases and the mass of free myxamoebae which have 
escaped from these. 300. 

Figure 42. Photomicrograph showing a second field from the same preparation shown in 
Figure 41; note the broken walls of the empty cyst cases, also that a few myxamoebae still 


remain within the germinating cyst at top center. 300. 





76 ! . BLASKOVICS AND K. B. RAPER 


coli on 0.1 L—P, hay-infusion or thin hay-infusion agars, the stock strain of S—28b 
regularly produces both sorocarps and macrocysts in abundance, although individual 
cultures and even different areas within the same Petri dish commonly exhibit 
conspicuously disproportionate ratios of these contrasting structures. If the tem- 
perature is raised as little as two or three degrees the ratio of macrocysts to soro- 
carps is increased substantially ; conversely, if it is lowered to 20° C. or less this 
ratio is strongly depressed. 

Clonal substrains of S-28b have been isolated which exhibit temperature sensi- 
tivity even more dramatically. These were obtained by heating spore suspensions 
in standard salt solution (Bonner, 1947) for varying lengths of time and then, 
following appropriate dilution, plating the spores in association with Escherichia 
coli on 0.1 L—P agar. Plaques, evidenced by clearance of the bacteria, developed 
after four days in plates incubated at 20° C., presumably from single spores. Some 
of these subsequently developed only macrocysts, others produced only sorocarps. 
By re-isolation from such contrasting areas, a “cyst-forming clone” and a “spore- 
forming clone,” with strikingly different temperature responses, were isolated 
(Figs. 30-35). Upon continued recultivation on 0.1 L—P agar, the former 
characteristically produced only macrocysts at 20° C. but developed abundant 
sorocarps and scattered macrocysts at 15° C., whereas the latter typically produced 
only sorocarps at 20° C. but formed both sorocarps and macrocysts at 25° C. 
Cultures initiated with spores from the cyst-forming clone grown at 15° C. de- 
veloped macrocysts when recultivated at 20° C., demonstrating a marked degree of 
genetic specificity in the myxamoebae and spores of the clone. Thus the pattern 
of cellular differentiation exhibited by different clones of S—28b results from in- 
herited characteristics that are temperature-dependent for their expression. 

Culture media: The production of macrocysts is strongly influenced by the 
substrates upon which the slime mold is cultivated, and these structures are regu- 
larly formed in greater abundance upon 0.1 L—P agar than upon media based upon 
hay-infusion. Their development is even further accentuated if yeast extract is 
substituted for peptone, this being used either as the sole nutrient or in combination 
with lactose or glucose. For example, upon 0.1% lactose-yeast extract or 0.1% 
glucose-yeast extract agars abundant macrocysts are formed by the cyst-forming 
clone incubated at 15° C. and by the spore-forming clone at 20° C., in each case 
at temperatures where few or no macrocysts normally develop on 0.1 L—P agar. 
\n intimate association obviously exists between substrate composition and incuba- 
tion temperatures as these factors affect macrocyst formation, but just how they 
condition the cultural environment and how they affect the fructifying myxamoebae, 
influencing them to produce either macrocysts or sorocarps, has not been determined 
(Figs. 30-35). 

Bacterial associate: Dictyostelium mucoroides, S—28b, can be cultivated success- 
fully with a variety of bacterial associates on the nutrient-poor media employed in 
this investigation. Gram-negative bacteria support better growth of the slime mold 
than do Gram-positive types, and of the former Escherichia coli was the most 
favorable species investigated. Aerobacter aerogenes, Pseudomonas fluor 
and Serratia marcescens yielded satisfactory but less luxuriant slime mold growth. 
The formation of macrocysts and sorocarps followed, in general, the patterns ob- 
served with E. coli. The myxamoebae of strain S—28b digest or destroy the red 


pigment (prodigiosin) of S. marcescens, hence yield uncolored sorocarps and 
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macrocysts. In marked contrast, the cells of strain NC-12, like those of D. 
discoideum, retain the pigment (Raper, 1937), hence produce sorocarps and 
macrocysts that are pink in color. Bacillus subtilis, a Gram-positive bacterium, 
supported fair growth of the slime mold and the formation of abundant macrocysts 
on 0.1% lactose-yeast extract agar at 20° C. Sarcina lutea, a second Gram-positive 
species, permitted only limited growth of myxamoebae and few macrocysts were 
produced on any substrate. An experiment conducted to determine what effect 
the age of the nutritive . coli might have on growth and macrocyst formation in 
D. mucoroides failed to reveal any significant differences. 

Hydrogen-ion concentration: A heavy suspension of EF. coli cells previously 
grown in 0.1 L—P broth and concentrated by centrifugation was cross-streaked on 
0.1 L-P agar plates to investigate the effect of pH on slime mold growth and 
macrocyst formation. The underlying agar substrate was adjusted over a range 


of pH from 3.3 to 9.2 using the buffers previously cited. In these experiments 


growth of myxamoebae was obtained between pH 4.5 and 8.0. Slight evidence of 
aggregation was observed at pH 4.5 but no well-defined pseudoplasmodia developed, 
and of course no sorocarps or macrocysts were produced. A heavy development 


of sorocarps and/or macrocysts was obtained between pH 5.5 and 7.0, depending 
upon the incubation temperature. No growth occurred above pH 8.0 where K,BO, 
was used as buffer. Questioning whether it was the high pH or the borate buffer 
which inhibited growth, we made additional tests using KH.,PO, as buffer with 
the addition of NaOH to yield pH levels from 7.5 to 9.0. Growth of the stock 
culture occurred to pH 9.0, but few and abnormal sorocarps and no macrocysts were 
formed. Even in the cyst-forming clone incubated at 20° C. where one would 
normally expect only macrocysts, many sorocarps and very few macrocysts de- 
veloped on the more alkaline substrates. The pH of the medium did not change 
appreciably during the period of slime mold growth. 

Ammonia concentration: Cohen (1953) reported that ammonia suppressed 
normal morphogenetic development in the Acrasieae, either inhibiting growth com- 
pletely, or causing various abnormalities in sorocarp formation. His procedures 
were carefully followed to ascertain whether different concentrations of ammonia 
would enhance macrocyst formation. It was thought that if these structures repre- 
sented aberrant sorocarps, their production might be enhanced under conditions 
where sorocarp formation was inhibited. However, macrocysts were not formed 
in any of the ammonia concentrations employed, possibly indicating a suppressive 
effect comparable to that reported for sorocarps by Cohen. 

Relative humidity: The effect of per cent relative humidity on slime mold 
growth and the development of macrocysts was tested by the procedures previously 
indicated. Large depression and ordinary flat slides with one ml. of 0.1 L-P 
agar were employed, rather than Petri dishes, to insure rapid establishment of an 
equilibrium between the moisture of the agar and the atmosphere in the desiccators. 
Olive (1902) attributed the encystment of myxamoebae (microcysts) to adverse 
conditions such as the drying of culture substrates. If macrocyst formation should 
represent a stage comparable to the encystment of individual myxamoebae, we 
would have anticipated more macrocysts when the per cent relative humidity was 
lowered, causing a drying of the substrate. Such did not occur in our tests. 

Macrocyst formation in other strains: Attempts were made to enhance macro- 
cyst formation in other strains of D. mucoroides (WS-47 and NC-12) and in D. 
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minutum (WS-56-2 and Purdue 8a). Cultural conditions were varied much as 
previously outlined for D. mucoroides, S-28b. However, in these additional slime 
molds neither the type of culture medium nor the concentration of its ingredients 
seemed to markedly affect the relative number of macrocysts produced. For ex- 
ample, the proportion of macrocysts to sorocarps remained relatively constant upon 
media containing yeast extract vs. peptone and upon nutrient-rich vs. less concen- 
trated media, although total growth of the bacteria and of the slime mold varied 
substantially with such changes. 

A variety of culture media were buffered and adjusted between pH 6.0 and 8.5. 
All supported growth of the slime mold, and in no case was there an exceptional 
increase in macrocyst production. 

Temperature relationships were examined carefully. Dictyostelium mucoroides, 
WS-47 (Figs. 36-38), produced more macrocysts at 20° and 25° C. than at 15 
C., but this response was not so striking as in strain S—28b. A few macrocysts 
developed in strain NC-12 at 20° C., but at 25° C. only irregular growth of the 
slime mold occurred, indicating too high an incubation temperature. In D. 
minutum, Purdue 8a, approximately equal macrocyst formation was observed at 
20°, 25° and 28° C. In contrast, WS—56—2 formed no macrocysts at 20° C., only 
a very few at 25° C., and grew very poorly at 28° C. 


Germination of macrocysts 


The possible role of the macrocysts in the life cycle of Dictyostelium engaged 
our attention from the outset, since it did not seem reasonable that such structures 
produced in great abundance and under seemingly optimal conditions would repre- 
sent a terminal and functionless kind of differentiation. For this reason much 
thought and effort have been given to their germination. In this, as in other 
phases of the investigation, studies have been centered upon D. mucoroides, S—28b, 
and our researches have been greatly facilitated by the cyst-forming clones. By 
capitalizing upon their unique temperature responses it has been possible to produce 
at will large populations of macrocysts under cultural conditions where no spores 
were formed. At the same time any vegetative myxamoebae which might have ad- 
hered to the macrocysts were readily killed by heating at 42° C. for 10 minutes. 
No growth of the slime mold occurred when the macrocysts were heated at a tem- 
perature high enough to kill the mature spores, and such would have been present in 
any macrocyst preparations taken from the parent culture. The comparative tem- 
perature tolerances of the myxamoebae and spores of D. mucoroides, S—28b, are 
shown in Tables I and II, respectively. 

Proceeding on the assumption that the macrocysts might represent a resistant 
stage in the cycle of Dictyostelium, they were subjected to a variety of cultural en- 
vironments and treatments. Plates of 0.1 L—P agar containing abundant macro- 
cysts were alternately frozen at — 10° C. and thawed at + 25° C. in an attempt 
to instigate germination, but consistent results were not obtained. Growth from 
macrocysts treated in this way was twice observed after ten days’ incubation. 
Crump (1950) had reported that raising the temperature favored the germination 
of encysted free-living amoebae, but no germination ensued after heating macro- 
cysts in a water bath for five minutes at 55° C. 

At the suggestion of the late Dr. Charles Thom, an attempt was made to stimu- 
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late macrocyst germination by spreading a heavy inoculum of pre-grown cysts and 
E. coli on sterilized soil in Petri dishes and incubating the plates at 10°, 15° and 
20° C. No evidence of germination was obtained in 28 days, although we had 
demonstrated previously that growth of the slime mold could take place under these 
natural conditions. 

Brefeld (1869) stated that germination of Dictyostelium spores took place only 
in a nitrogenous medium and suggested fresh horse dung decoction and uric acid 
media as substrates. Both were investigated. No evidence of macrocyst germina- 
tion was observed on fresh horse dung agar plates, but growth was obtained, in 
association with E. coli, on 0.05% uric acid agar after eight days incubation at 
7 <. 


TABLE I 


Temperature tolerance of myxamoebae of Dictyostelium mucoroides, S-28b, 
suspended in distilled water* 





- 
| Relative amount of growth per test 


Time in water bath, 


ninutes Temperature, °C. | an _ — 


? 


42 e-health 


fh. 
0 
0 


= Excellent growth. 
= Very good growth. 
++ Good growth. 
Limited growth. 
= No growth. 
* Similar results were obtained when myxamoebae were suspended in standard salt solution. 


Macrocysts were dismembered in a McShan-Erway tissue homogenizer in the 
hope that the endocytes thus freed would re-initiate growth under suitable cultural 
conditions. Such homogenates were mixed with E. coli and the resulting suspen- 
sions spread on 0.1 L—P agar plates. No growth of the slime mold ensued, but the 
possibility of serious injury to the endocytes could not be discounted. 

Despite the negative results obtained, the seeming logic of this approach led 
us yet again to attempt the dissolution of the macrocyst wall by other means as a 
possible aid to germination and regrowth. The procedure employed was probably 
ineffective per se, but in performing the experiment the “treated” macrocysts were 
incubated at a variety of temperatures which provided a clue to cultural conditions 
where germination not infrequently occurred. A cellulase preparation, contributed 
by Dr. Emory G. Simmons, was investigated as a means of digesting the heavy 
enveloping macrocyst wall. The enzyme was employed as a 1% solution in M/20 
citrate solution at pH 5.0. Macrocysts were harvested from cultures where no 
spores had formed, suspended in the cellulase-citrate solution, and heat-treated to 
kill any adherent myxamoebae. Germination occurred in varying amounts in the 
cellulase-treated macrocysts and also in controls similarly heat-treated in standard 
salt solution. The earliest evidence of germination was observed after 6 days’ 
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incubation, and new plaques continued to develop for as long as 22 to 40 days at 
varied temperatures. The percentage germination was approximately the same 
for macrocysts heat-treated in the cellulase-citrate and in the standard salt solutions. 
The earliest evidence and the greatest amount of germination were observed among 
the macrocysts incubated at 15° C., with decreasing amounts to 25° C. Actual 


TABLE II 


Temperature tolerance of spores of Dictyostelium mucoroides, S-28b, suspended 
in standard salt solution (Test 1) and in distilled water (Tests 2, 3, and 4) 


Relative amount of growth per test 


Time in water Temperature, |__ : . ; i le aa 
bath, minutes re. 
3 4 


1 3 
rTrrT 
++++ 
CTT? 


4. 


++++ 
++ 
0 
+ 
0 
0 
0 
0 


t+++ 
bet 
+ 

0 

0 

0 


++-+-+ = Excellent growth. 
+++ = Very good growth. 
“Pot = Good growth. 

+ Limited growth. 

0 = No growth. 


germination of a macrocyst, or of the endocytes contained within it, was not then 
observed, but in some instances one or more empty macrocyst cases were evident 
where a plaque of growth occurred. 

It was now hoped that even though the percentage viability was apparently 
low, a few macrocysts might be seen to germinate if these were carefully isolated 
and observed periodically over a period of several days. Single macrocysts of dif- 
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ferent ages (3, 15 and 35 days) were selected, heat-treated to kill any vegetative 
myxamoebae, and placed individually in marked squares on 0.1 L—P agar plates 
smeared with E. coli. Evidence of macrocyst germination was noticed after in- 
cubation at 15° C. for five days. 

A series of experiments was undertaken to determine whether macrocysts of 
a particular age would germinate more readily than cysts of other ages; and since 
presumptive germination had seemed to vary at different incubation temperatures, 
special consideration was given to this matter. To obtain macrocysts of specific 
ages, a heavy suspension of myxamoebae of the cyst-forming clone and E. coh 


TABLE III 


Percentage germination among macrocysts of Dictyostelium mucoroides (No. S-28b) of different ages, 
and the number of days before such germination was observed at different 
incubation temperatures 


Temperature of incubation 


macrocysts, 
days 


Days 








$-@)* 35 
(2)* 44 


10 (1) 35 
(2) 30 


15 (1) 38 
(2) 43 


20 (1) 25 0.: 18 
(2) 38 23 


25 38 + 15 


35 28 + 20 


* Indicates separate experiments. 
** (+) Indicates germination of macrocysts, but percentage of total population could not be 
calculated. 


was spread over the surface of 0.1 L—P plates and incubated at 20° C. for 5, 10, 15, 
20, 25 and 35 days. These macrocysts were then harvested, heat-treated to eliminate 
all vegetative myxamoebae, spread on fresh agar plates with E. coli, and incubated 
at 5°, 10°, 15°, 20° and 25° C. for 5 to 6 weeks. The results of these experiments 
are summarized in Table III. 

Substantial growth of the slime mold was obtained in certain of the above tests, 
particularly in plates inoculated with 10- and 15-day-old macrocysts incubated at 
intermediate temperatures, the highest percentage (7.2%) being observed in 10-day 
cysts incubated at 15° C. The prevalence of empty macrocyst cases in the de- 
veloping plaques, the prior heat-treatment of the cysts to kill adherent myxamoebae, 
the carefully prepared and examined source plates from which the macrocysts were 














82 J. C. BLASKOVICS AND K. B. RAPER 


taken for these experiments, and the observed presence of empty macrocyst cases 
at central locations within many plaques, all convinced us that the observed growth 
must have developed from germinated macrocysts. 

Nevertheless, we had not actually observed this phenomenon, and even in the 
most consistent macrocyst-forming culture it is possible that a minute sorocarp 
could go unobserved and that an occasional spore, which would not be killed by 
heating to 42° C., might be carried over with the implanted macrocyst. An ex- 
periment was carried out to determine whether an occasional spore, if present, 
might have served as the initiator of the plaques of amoeboid growth in the macro- 
cyst germination plates. It was known that growth from spores would eventually 
occur at all of the incubation temperatures employed (5° to 25° C.) ; therefore, the 
times required for plaques to develop from individual spores under cultural condi- 
tions duplicating the above were determined. At 20° C. plaques were evident 
within 4 days, at 15° and 25° C. within 6 days, at 10° C. within 11 days, while at 
5° C, growth was not evident until 25 days. Since plaque formation is usually 
optimal at 15° C. on the macrocyst germination plates, and does not become evident 
until after 8 to 11 days, these results provided additional evidence that the observed 
growth resulted from macrocysts and not from occasional contaminating spores. 

Having determined the optimum cyst age and the incubation temperature that 
are favorable for macrocyst germination, 10-day macrocysts in association with 
E. coli were implanted on freshly poured plates and on sterile Maximov slides 
containing 1.0 ml. of 0.1 L—P agar to observe the germination of the macrocysts 
directly. Realization of this objective proved unexpectedly time-consuming, but 
it was accomplished. Germination in this instance, as in the majority of cases 
observed up to this time, was from a macrocyst filled with endocytes at the time of 
implantation in the test culture. Pre-germination changes were not observed but 
it is assumed that the heavy macrocyst wall was ruptured either by swelling of its 
content and/or by enzymatic dissolution (see below). 

Re-examination of Table III reveals that maximum germination occurred 
among the 10-day-old macrocysts ; 1.e., structures which were packed with endocytes 
at the beginning of the tests. More significantly, appreciable germination was re- 
corded for some of the older macrocysts, notably the 25-day cysts incubated at 
10° C. This result is especially interesting since cysts of this age would have 
already lost their discrete endocytes, in the great majority of cases, and would 
have assumed the homogenous appearance that characterizes aged cysts. Thus 
presumptive evidence was obtained that macrocysts of the latter type are capable 
of germination—presumptive because even in preparations taken from cultures after 
several weeks occasional macrocysts are seen in which the endocytes remain distinct, 
and the recorded germination could have resulted from such non-homogeneous 
structures. The improbability of this explanation was subsequently demonstrated. 
Blocks of 0.1 L—P agar bearing abundant homogeneous macrocysts aged 6 and 8 
weeks were placed in sterile Petri dishes, flooded with sterile distilled water, and 
incubated at 10°, 15°, 20°, and 25° C. Within only 10 days approximately half of the 
cysts of both ages incubated at 10° C., and only at this temperature, had germinated 
among populations where prior examination had established that only occasional 
cysts (2-4%) were still in the endocyte stage at the beginning of the experiment 
(Figs. 39-42). An understanding of the intracystic events which transpire during 
the progression from endocyte differentiation to their subsequent disappearance, 
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and from this through the stage of seeming homogeneity and protoplasmic contrac- 
tion to the eventual swelling of this mass and the reappearance of amoeboid cells 
at the time of germination, must await careful cytological investigation. For the 
present we can only record that in the presence of a proper aqueous environment 
and at a favorable temperature the previously shrunken “protoplast” (long be- 
lieved doubtfully viable) swells and gives rise to myxamoebae which escape during 
cyst germination. Additionally, there is evidence that these myxamoebae, or the 
parent coenocyte (?), produce cellulolytic enzymes which facilitate rupture of the 
heavy cyst wall, for viewed with the polarizing microscope the empty cyst cases 
contain conspicuously less cellulose than do the walls of macrocysts still ungermi- 
nated. 


Formation and germination of microcysts 


Many members of the Acrasieae are characterized by a second, simpler type 
of encystment stage where individual vegetative myxamoebae round up and become 
encased by relatively thin protective membranes (Fig. 1). The walls of these 
resting cells, or microcysts, like those of the macrocysts and the more resistant 
spores, are predominantly cellulosic in composition. As reported by Olive (1902), 
there is ample evidence that these form in response to sub-optimal growth condi- 
tions. It is probable that the myxamoebae of any member of the Acrasieae may 
enter such a stage temporarily, but they are most commonly encountered, and in 
greatest numbers, in isolates of Dictyostelium minutum, D. polycephalum, Poly- 
sphondylium pallidum, and Acytostelium leptosomum. 

Microcysts of several species of the Acrasieae were examined to determine 
their method of germination. Microcysts were placed in hanging-drop slides in 
thin-hay broth with killed cells of E. coli and incubated at 25° C. Within two 
days many of the microcysts had germinated, as evidenced by the number of free, 
feeding myxamoebae and by the empty microcyst cases from which these had 
emerged. Previous workers (Olive, 1902) had not reported true excystment of 
the microcysts, but had intimated that the myxamoebae absorbed the protective 
covering, or wall, during germination. The emptied cases are extremely delicate 
and hyaline, and some reveal a fairly obvious opening at one side through which 
the myxamoeba escaped. They do not germinate by the emergence of the proto- 
plast through a pore or exit tube, neither do they appear to split as do the spores 
of most species; rather, germination appears to take place by the dissolution of a 
fractional portion of the microcyst wall. The cyst cases stain violet-blue with 
chloroiodide of zinc and show a weak birefringence, indicating that they contain 
some cellulosic material. 

In Dictyostelium mucoroides microcysts are about twice the dimensions of the 
endocytes that comprise the macrocysts, ranging from about 5.0 to 7.5 w in 
diameter and being generally spheroidal. 


DISCUSSION 


Intriguing questions are posed by the macrocysts of Dictyostelium with regard 
to their morphogenesis and their probable primary function in the life-cycle of these 
slime molds. Do they represent a normal but generally unrevealed stage in the 
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development history of the Acrasieae, t.e., could they be demonstrated in all members 
of the group if we but knew the conditions required to evoke them? Do they 
provide a resting stage whereby these micro-organisms survive otherwise im- 
possible environmental conditions? Do they perhaps constitute some unanticipated 
manifestation of a sexual stage? Or do they represent, as their superficial appear- 
ance might suggest, groups of myxamoebae so thwarted in their normal morpho- 
genesis that they become “captives” doomed to a type of terminal differentiation 
approximating that of sterile stalk cells? Does the identity of the contributory 
myxamoebae remain unchanged during the formation of the endocytes, and do the 
latter in some altered form persist to once again emerge during germination as 
myxamoebae capable of perpetuating the species? For certain of these questions 
we have succeeded in providing partial answers. 

Brefeld illustrated some “dwarfed sporangia” that contained differentiated cells 
which he interpreted as representing elements of abortive stalks, and early in this 
investigation we questioned whether the endocytes might not in fact reflect a type of 
cellular differentiation of this type. More careful examination has established be- 
yond question that such is not the case despite certain superficial similarities in 
appearance. The walls of the endocytes contain no demonstrable cellulose and the 
content of such cells is actually condensed, whereas the walls of true stalk cells 
contain cellulose and the cell content is strongly vacuolate, occupying a peripheral 
position within the semi-rigid cell. Upon treatment with alkali (e.g., 1.0 N 
NaOH) the walls of stalk cells do not disappear as do those of the endocytes. 

Much evidence supports the belief that macrocysts arise through an orderly 
and natural morphogenetic process, and hence in no wise represent aberrant fruiting 
structures. For those strains which produce them, they would appear to be no less 
normal than the sorocarps which regularly develop under similar or, in some 
instances, altered conditions. A measure of homology is suggested by the basically 
similar aggregative process which precedes the formation of both types of structure. 
The pseudoplasmodia leading to macrocyst formation are generally diminutive, but 
this condition is not a necessary precedent to their formation. Additionally, the 
myxamoebae entering a pseudoplasmodium destined to form macrocysts rarely 
show the marked elongation characteristic of cells entering larger aggregations, 
but this weak cellular response is believed to indicate degree rather than difference, 
1.e., to reflect a feeble aggregative stimulus incident to, or responsible for, the small 
pseudoplasmodium. 

A point of similarity should be noted between the morphogenetic processes lead- 
ing to the formation of gregarious sorocarps in certain species (e.g., D. minutum 
and D. lactewm) and to clustered macrocysts in D. mucoroides, for in both situations 
the magnitude of the initial pseudoplasmodium often exceeds the number of 
myxamoebae that can effectively collaborate in producing a single sorocarp or 
macrocyst. In the former instance, secondary centers appear soon after the over- 
all pattern of the wheel-like aggregate becomes evident, and from each of these a 
separate sorocarp subsequently develops ; in the latter case, multiple loci of endocyte 
formation similarly appear within the initial aggregate, and from each of these later 
develops a discrete and typical macrocyst. 

Substantial differences characterize subsequent steps in the two morphogenetic 
processes, and there is little if any evidence to suggest that the macrocysts represent 
modified or abortive sorocarps. The latter can be produced in any known species 
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by a variety of devices (e.g., unfavorable pH, increased temperature, etc.), but 
in no observed instance have such abnormal fruits presented a pattern which is 
remotely suggestive of macrocyts. Rather, they assume the form of Guttulina- 
like fructifications wherein the myxamoebae produce irregular mounds and undergo 
incomplete differentiation, but they never form a common protective wall about the 
mass of cells so assembled. 

The heavy cellulosic wall of the macrocyst bears a structural likeness to the 
sorophore sheath of the normal sorocarp, but, as noted earlier, the relative positions 
at which these are deposited by the constitutive cells are quite different. Further- 
more, the formation of the sorophore sheath is antecedent to cellular differentiation 
in sorocarp building, whereas it lags behind this phenomenon in macrocyst con- 
struction. There is yet another difference which may prove highly significant. 
Bonner et al. (1956) demonstrated that the sorophore sheath is secreted by an 
ever-changing epithelium-like layer of myxamoebae that are oriented perpendicular 
to the surface of the wall being deposited, whilst in the macrocysts the last re- 
maining amoeboid cells, hence those adjacent to the developing wall, are oriented 
in quite the opposite direction. Only in those cultures where seemingly identical 
and intermixed pseudoplasmodia give rise either to sorocarps or to macrocysts, as 
in strain WS-47, do we find evidence that the two morphogenetic pathways may be 
closely allied, and in these we have at present no concept of what major or minor 
organizational differences may underlie such divergence. Judging from Brefeld’s 
illustrations (1869), it is possible that he may have seen so-called “dwarfed 
sporangia’ that were transitional between sorocarps and macrocysts, but no struc- 
tures of this type have been observed in our cultures. Finally, we would reiterate 
that the body of evidence presently available points to macrocyst production as 
representing an alternative but thoroughly normal morphogenetic pathway that is an 
inherited character possessed by occasional strains of D. mucoroides and by many 
isolates of D. minutum. The isolation of contrasting “cyst-forming” and “spore- 
forming” clones in strain S—28b strengthens this belief, as does also our inability 
thus far to induce macrocyst formation in any culture of D. mucoroides which did 
not naturally exhibit this capacity at the time of its isolation. 

In contrast to this situation, the capacity to produce microcysts seems to be 
generally present among the Acrasieae, and it is suspected that every isolate may, 
under certain variable environmental conditions, exhibit such a resting stage. It 
should be recognized, however, that this phenomenon is probably totally unrelated 
to macrocyst formation. Microcysts represent the responses of single myxamoebae 
to effect a transitory resting stage in the vegetative phase of these slime molds 
and is perhaps strictly comparable to the encystment of certain small, free-living 
amoebae. Their natural function is indisputably one of enabling the species to 
survive otherwise unfavorable environments. The macrocysts, on the other hand, 
arise through multicellular integration and differentiation and represent the product 
of a specific morphogenetic process, just as do the sorocarps. This function is still 
incompletely known. 

We have obtained convincing evidence that macrocysts germinate under certain 
circumstances, emitting amoeboid cells which then re-initiate vegetative growth. 
sut we cannot say with confidence that the macrocysts represent a vital resting 
Stage, as their appearance might suggest. Heat tolerance tests indicate that they 
can withstand appreciably higher temperatures than vegetative myxamoebae, but 
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they are in turn less resistant than true spores. While the matter has not been 
explored under conditions that exist in nature, it is possible that they might be 
produced under circumstances which would preclude the formation of sorocarps and 
spores, é.g., in strains such as S—28b at elevated temperatures. The general appli- 
cation of this premise is doubtful, however, for many macrocyst-producing strains 
fail to show a comparable response. Based upon laboratory tests, we could not, at 
present, conclude that they possess singular survival value. 

Possibly they are endowed with other unique properties, a suggestion presently 
based less upon fact than fancy. We find it difficult to dismiss lightly a structure 
of multicellular origin which appears to be so highly organized as the older macro- 
cyst. We cannot say with absolute certainty that its content represents a single 
homogeneous multinucleate protoplast, but such tests as we have applied would 
seem to support this notion. If the endocytes do actually lose their identity, as 
appears to be the case, the acellular content of the aged macrocyst would represent 
a coenocyte, or to use a term more commonly associated with slime molds, perhaps 
a plasmodium, albeit one that is enclosed within a heavy cellulose wall. Such a 
plasmodium would of course be quite unlike that which Brefeld (1869) once thought 
to be present, or that which Skupienski (1920) envisioned as an accompaniment to 
reported sexuality in Dictyostelium. Needless to say, it would represent quite a 
different structure from the large vegetative body that occupies so conspicuous a 
place in the life-cycle of the Myogastrales. Clearly, the two could not be regarded 
as homologous. The same may be said of the plasmodial stages of the Plasmodio- 
phorales, for although their dimensions would be more nearly comparable, these also 
are never characterized by heavy cellulose walls. Furthermore, no one has yet 


reported a swimming stage, either gametic or vegetative, for any member of the 
Acrasieae and such are generally precedent to the formation of plasmodia in each 
of the other orders. 

Here the matter must rest for the present, and definitive information regarding 
the true nature and ultimate significance of the macrocysts must await further 
research. 


The writers are indebted to Miss Mildred M. Smith for her invaluable aid in 
the preparation of the illustrations used in this report. 


SUMMARY 


1. Two encystment stages of cellular slime molds belonging to the genus 
Dictyostelium are described : 


The first of these, termed microcysts, are unicellular and represent a transient 
resting stage in the vegetative phase of these simple slime molds. If returned to a 
favorable environment, microcysts germinated by excystment to re-initiate vege- 
tative growth. 

The second encystment stage, termed macrocysts, are multicellular and arise 
through a morphogenetic process possibly alternative to normal sorocarp formation. 
Myxamoebae aggregate to form typical but generally diminutive pseudoplasmodia 
which, instead of forming normal sorocarps, subdivide into rounded cell masses 
that become encased in relatively heavy cellulose walls. Concurrent with this de- 
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velopment, the myxamoebae that comprise the nascent macrocyst undergo limited 
differentiation and appear as polyhedral cells with highly refractive membranes. 
After a period of 10 to 14 days these so-called endocytes generally disappear 
whereupon the content of the macrocyst assumes an acellular, homogeneous appear- 
ance. With further aging the protoplasmic content shrinks away from the heavy 
cellulose wall and in this contracted stage retains its viability for protracted periods. 
Under favorable conditions of temperature and substrates, macrocysts of different 
ages germinate to release amoeboid cells which re-initiate the vegetative stage. The 
sequence of cytological changes underlying this behavior has not been elucidated, 
and this propagative function may or may not represent the full measure of their 
significance in the life-cycle of those slime molds which produce them. 

2. The ability to produce microcysts is apparently inherent in all members of 
the Acrasieae, including the genus Dictyostelium. In contrast, the capacity to 
produce macrocysts is more restricted, having been observed only in occasional 
isolates of D. mucoroides and in many strains of D. minutum. Various environ- 
mental factors influence their production, and from one strain of D. mucoroides 
temperature-dependent “cyst-forming” and ‘“‘spore-forming” clones have been iso- 
lated. 
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It has been shown that planorbid snails, all of which are aquatic pulmonates, 
can withstand desiccation rather well both in nature and under laboratory condi- 
tions (Precht, 1939; Olivier, 1956a, 1956b; Olivier and Barbosa, 1955, 1956). 
The physiology of desiccating planorbids has, however, received scant attention. 
Magalhaes Neto (1954) observed that five specimens of Australorbis glabratus 
showed a considerably decreased rate of oxygen consumption during desiccation 
at an unspecified relative humidity. Desiccating aquatic snails retract into their 
shells; they are unable to feed and hence come under conditions of starvation. 
Since starvation decreases the rate of oxygen consumption (von Brand, Nolan 
and Mann, 1948), and since the anatomical relationship of a retracted snail to the 
source of oxygen is quite different from that of an active one, the following ques- 
tions arise: Is the reduction in oxygen consumption due mainly to starvation, to 


difficulties in securing sufficient oxygen, or to desiccation proper? These and 
related questions are discussed in the present paper. 


MATERIAL AND METHODS 


Laboratory-reared albino Australorbis glabratus, derived from a normally pig- 
mented Venezuelan strain, were used in preference to pigmented specimens because 
the heart-beat could easily be seen through the shell. This was important, not 
only because a study of the heart rate under desiccation was interesting in itself, but 
also in order to establish whether a snail was alive or dead. The usual procedure 
of placing a desiccated snail in water to observe whether it resumes its normal 
activities could not be employed because in most of our experiments repeated 
measurements with the same specimens were required, or because a chemical 
determination had to be made on desiccated specimens. Most of the snails that 
appeared dead, as judged by cessation of the heart-beat, were tested further by 
placing them in water. Of about 200 such snails, only three revived, indicating 
that our death criterion was reasonably accurate. 

All snails initially weighed between 180 and 350 mg. and had fed ad libitum. 
They were freed of excess moisture as described previously (Newton and von 
Brand, 1955) and weighed to the nearest mg. During starvation, snails (minimum 
of 28 per series) were kept individually in numbered beakers filled with dechlori- 
nated tap water. They were shifted daily to fresh beakers during the first week of 
starvation and thereafter twice weekly. During desiccation, snails (minimum of 


1 Laboratory of Tropical Diseases. 
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33 per series) were put into individual dry beakers and these were kept at the same 
temperature (27 + 1° C.) as the starvation series in desiccators over water or over 
saturated salt solutions giving a desired relative humidity. The solutions employed 
gave the following relative humidities, as determined by an Aminco electric 
hygrometer. 


H,O giving 95 to 97 per cent relative humidity, average 96 per cent 
ZnSO, giving 83 to 87 per cent relative humidity, average 85 per cent 
NaCl giving 72 to 76 per cent relative humidity, average 74 per cent 
NaBr giving 57 per cent relative humidity, average 57 per cent 

CaCl, giving 28 to 31 per cent relative humidity, average 30 per cent 
LiCl giving 13 to 17 per cent relative humidity, average 15 per cent 


When survival, weight, heart rate, and rate of oxygen consumption were de- 
termined, all snails alive on a given day were used. At the end of the determina- 
tions they were returned to the desiccators, or the water-containing beakers, re- 
spectively. These snails were used repeatedly until the last specimen died. When 
chemical determinations were done, only the specimens to be analyzed on a given 
day were used, while the others remained undisturbed until required for analysis. 

The heart rate was determined by counting the heart-beats for one minute under 
a dissecting microscope. 

The conventional Warburg technique was used for the oxygen consumption. 
The vessels contained 2 ml. of dechlorinated tap water in the starvation series and 
in the experiments designed to give the pre-desiccation rate. In the desiccation 
experiments the snails were put into the main compartment of the vessel without 
water. In these cases the side arms of all vessels, including thermobarometer, 
contained 0.3 ml. of the same salt solution that was present in the desiccators where 
the snails had been kept, thus maintaining approximately the same relative humidity. 
In all cases the temperature was 30° C. 

Polysaccharides were determined according to von Brand’s (1936) micro- 
modification of Pfliger’s method. Total lipids were determined by heating the 
crushed snail with 30 per cent NaOH in a boiling water bath, acidifying the solution 
with 7 per cent H,SO,, extracting the solution three times with ether, washing the 
combined ether fractions with distilled water, evaporating the ether, and weighing 
the lipids on a microbalance after drying at 80° C. For lactic acid * and volatile 
acids the methods of Barker and Summerson (1941) and Bueding (1949) were 
used, respectively. 

All measurements were done on numbered individual snails, with the exception 
of the volatile acid determinations, where two snails were used. All values are 
expressed on the basis of the initial, pre-experimental weight of the snails. 


RESULTS 


1. Survival. Figure 1 shows the survival groups of starving snails at various 
relative humidities and in water. It is obvious that time of survival decreased 
with decreasing humidity. When the 50 per cent death times are plotted log- 
arithmically against relative humidity (lower part of Fig. 1), no straight line 


2 We are indebted to Mr. C. Elwood Claggett for carrying out the lactic acid determina- 
tions 
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Figure 1. Survival of Australorbis glabratus starving in water or desiccating at various 
relative humidities. At the beginning each desiccating series consisted of 33 specimens, the 
water-starvation series of 28 specimens. The same groups of snails yielded the results shown 
in Figures 2, 3 and 4. 
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results. The shape of the curve indicates that no fixed relationship between time 
of survival and relative humidity exists, but that decreasing humidity leads progres- 
sively to an ever more accelerated death rate. Survival during starvation in water 
was only about half as long as during desiccation over water (96 per cent relative 
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Figure 2. Weight relationships of Australorbis glabratus starving in water 
or desiccating at various relative humidities. 


humidity). However, the 50 per cent death points of these two series were closer 
together. This is due to the fact that the first deaths due solely to starvation oc- 
curred later than those from the combined influences of starvation and desiccation. 

2. Weight loss. Thirty fed control snails averaged 40.8 per cent dry substance. 
The shells of 30 other controls, after the soft parts had been removed according to 
Nolan and von Brand’s (1954) procedure averaged 31.6 per cent of the total 
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weight. The dry weight of the soft tissues was thus 9.2 per cent of the total body 
weight. Since the shell contains practically no water, the total water found can 
be ascribed to the soft tissues. Their initial over-all hydration is then calculated 
as 87 per cent (Table IIT). 

A total weight loss of 13 per cent was observed in snails starving to death in 
water. It was hence greater than the total dry weight of the soft tissues initially 
present and it must be concluded that it was due in part to a loss of water, perhaps 
corresponding to the hydration water of the metabolized organic material. 

The weight loss of desiccating snails (Fig. 2) was much more pronounced than 
that of snails starving in water and was clearly dependent on the relative humidity. 
The lower part of Figure 2 indicates that the relationship between humidity and 
weight loss is very similar to that described above for survival. Snails desiccating 
and starving at 96 per cent relative humidity metabolize during 128 days approxi- 


TABLE | 


Desiccation of Australorbis glabratus at 85 per cent relative humidity. The figures are per cent of the 
pre-desiccation values; the figure following the + sign is the standard error of the mean 





Heart rate Weight Rate of O2: consumption 
Days of | Per cent 
desiccation | 7 | survival 
A B A B A B 


98+2.6 98+4.2 89+0.5 90+0.7 49+2.6 47+4.5 100 
100+4.2 107+5.2 83+0.3 85+1.7 4642.2 4744.4 100 
95+3.0 93+4.8 79+0.7 81+0.9 3342.7 30+3.0 100 
105+3.7 98+3.7 69+1.0 7141.1 2742.1 20+2.4 100 
9344.6 9543.7 61+1.1 6441.7 2842.5 30+3.6 81 
81+9.9 81+9.9 57+1.6 57+1.6 10+2.0 10+2.0 44 
81+2.4 5743.7 19+5.0 16 








The initial number of snails was 33. 
A = Values of all snails alive at specified day. 
B = Values of all snails surviving on day 22. 


mately 50 to 60 per cent of their organic material (corresponding to 4-5 per cent 
of the pre-experimental live body weight, see Discussion). Since in the humidity 
range of 15 to 85 per cent practically all snails had died by day 20, their loss of 
organic material must have been much smaller, and no appreciable error can be 
introduced if the entire weight loss is here ascribed to loss of water. At these 
humidities the weight had declined terminally to 60 per cent of the initial, corre- 
sponding to a loss of 40/59.2 = approximately 70 per cent of the initial water. 

At 96 per cent humidity, on the other hand, survival was much longer and 
the weight at death was higher, amounting to 65 to 70 per cent of the initial 
weight. As mentioned above, about 4 to 5 per cent weight loss must in this case 
be ascribed to metabolized organic material. It is therefore clear that at this high 
humidity the last animals died before being desiccated to quite the same degree as 
in the other desiccation series. It is probable that in this case starvation was a 
contributing factor to death. 

It should be realized that the figures summarized in Figure 2 (the following 
applies also to the data presented in Figs. 3 and 4) are averages for all snails 
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Ficure 3. Heart rates of Australorbis glabratus starving in water 
or desiccating at various relative humidities. 


alive at a specified day. They therefore represent the average changes occurring 
ina population. Some irregularities in the curves, especially noticeable towards the 
end of an experiment, are due to the summation of experimental errors and the 
slightly variable behavior of the individual snails. The curves do not change 
materially, however, if the data are restricted to snails which are still alive on a day 
nearing the end of a given experiment, provided the number is sufficient to give 
a valid average. This is illustrated for one of our series in Table I for weight and 
other criteria studied. 

3. Heart rate. The heart rate of snails (Fig. 3) starving in water slowed 
precipitously to 63 per cent of the original rate during the first 24 hours of starva- 
tion. During the remainder of the starvation period the heart rate declined slowly 
further, the final value being about 40 per cent of the initial one. In snails desic- 
cating at 96 per cent relative humidity there was no decline during the first 24 hours, 
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but thereafter the heart rate became progressively slower, reaching about the same 
end-point as in snails starving in water. 

A different situation prevailed in snails desiccating at all lower humidities. 
Within the first few days, there was a period when the heart-beat increased in 
frequency above the pre-experimental value, this period being followed by one of 
more or less precipitous decline. While the heart-beat was generally full and regu- 
lar in snails in water and in air at 96 per cent relative humidity, many irregularities 
were observed at lower humidities, such as partial contractions of the heart, or 
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Figure 4. Oxygen consumption of Australorbis glabratus starving in water 
or desiccating at various relative humidities. 
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cessation of the pulsations for a few seconds followed by a period of very rapid 
contractions. It should be noted that at 57 per cent humidity the last value raises 
the curve (Fig. 3.) This artifact is due to abnormally high rates in all three 
surviving snails. 

Heart rate apparently had no direct relation to survival under our conditions, 
For instance, in our series of 33 snails desiccating at 96 per cent relative humidity, 
7 snails with initial heart rates of 33 to 37 beats per minute survived an average 
of 48 days. The other extreme was represented by 5 snails with initial rates of 
50 to 63 beats/minute and an average survival of 80 days. After 128 days of 
desiccation, 5 snails still survived; their average initial rate was 42 beats/minute 
with 37 and 53 as extremes. 

#. Oxygen consumption. The rate of oxygen consumption (Fig. 4) declined 
in all series more or less rapidly, but the decline was slower in the water-starvation 
than in the desiccation series. The daily variations were more pronounced in the 
former than in the latter, possibly due to the motility of the snails starving in water 


TABLE II 


Chemical determinations on Australorbis glabratus starving in water or desiccating at 96 per cent 
relative humidity. All values have been calculated on the basis of the pre-starvation or pre-desicca- 
tion live weight of the snails. The figure following the + sign is the standard error of the mean, 
the figure in parenthesis indicates the number of determinations 


Per cent lipids Per cent polysaccharides » Lactic acid | u Volatile acid* 


Days —_ - - a Se a ee ee a aa 


Desiccation Starvation Desiccation Starvation Desiccation Desiccation 
0 | 0.76+0,.023 (24) | 0.65+0.036 (24) ae: 10 (23) | 1.29+0.16 (22) 140+27.8 (12) 53+28.1 (6) 
10 0.58 +-0.019 (24) | 0.43+0.026 (24) | 0.77+0.07 (22) 1,.04+0.18 (24) 117+28.1 (10) 11+ 5.4 (6) 
20 0.54 40.016 (20) | 0.380.011 (19) | 0.69+0.07 (24) | 0.69+0.14 (21) 35+ 7.9 (12) 18+12.8 (6) 
30 0.52 +0.019 (19) | 0.36+0.011 (19) | 0.56+0.08 (20) | 0.59+0.12 (22) 0.0 (11) 23+ 3.9 (3) 


it 





* The volatile acids are expressed as acetic acid, since this is the predominant volatile fatty acid (Mehlman and 
von Brand, 1951) 


as contrasted with the immobility of the desiccating specimens. In the starvation 
series the final rate was about 30 per cent of the pre-experimental one, while in the 
desiccation series the endpoint varied from about 20 to well below 10 per cent of 
the initial value. The rapidity of decline (lower half of Fig. 4) showed a rough 
correlation with degree of humidity, but it was not so close as that shown between 
humidity and survival or humidity and weight loss. 

A rough inverse correlation probably exists between survival and initial rate 
of oxygen consumption. Taking the series of snails desiccating at 96% relative 
humidity, as example, six snails had initial rates varying between 205 and 277 
mm.* O,/gm./ hr. with an average survival of 51 days. In four snails the rate 
varied initially between 82 and 108 mm.* O./gm./hr. and their average survival was 
103 days. The five snails surviving 128 days desiccation had an initial rate of 143 
mm.* O,/gm./hr., with 106 and 171 mm.* as extremes. 

5. Chemical determinations. Chemical determinations were performed only 
during the first 30 days on animals starving in water and desiccating at 96 per cent 
relative humidity since snails desiccating at lower humidities died too early. In 
view of the variability in storage of reserve substances, it was essential to limit 
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periods of exposure to experimental conditions to those tolerated by all or at least 
the great majority of specimens employed, since otherwise a possible differential 
death rate between snails with high and low initial reserves would make valid 
conclusions impossible. 

The data summarized in Table II] show that starving and desiccating snails 
use appreciable amounts of both polysaccharide and lipids, the consumption being 
more pronounced during the first 10 days than after prolonged exposure to experi- 
mental conditions. Snails starving in water used little more of these reserve 
substances than did the desiccating specimens. In desiccating snails the lactic acid 
initially present in the tissues disappeared completely within 30 days, while the 
volatile acid content decreased only slightly. 


DISCUSSION 


The laboratory strain of Australorbis glabratus used in the present studies 
withstood desiccation fairly well. As was expected, the snails retracted into their 
shells. They were not capable of forming a true epiphragm which in many other 
species is an efficient mechanism for preventing excessive loss of water, nor did 
they produce complete mucus membranes across the shell aperture, an auxiliary 
mechanism frequently employed (Gebhardt-Dunkel, 1953). Partial mucus mem- 
branes were observed occasionally, but they did not seem to change the rate of 
evaporation materially. 

Marked reduction in the rate of oxygen consumption with time was charac- 
teristic at all humidities studied and a loose inverse correlation with humidity 
existed. This reduction was not due solely, and in the series at low humidities 
not even primarily, to starvation. Snails starving in water maintained a higher 
rate of oxygen consumption than the desiccating specimens; they must therefore 
have used their reserve substances at a faster rate. It would then seem that the 
amount of reserve substances available to the desiccating animals would have 
sufficed to maintain an equal rate of oxygen consumption if starvation alone were 
involved. An altered anatomical relationship to the source of oxygen can also be 
eliminated as the cause of this reduction. If difficulties in securing oxygen played 
a significant role, a partial shift to anaerobiosis would have been expected. It 
should be noted in this connection that a partial shift to anaerobiosis can readily 
be induced in Australorbis by exposure to low concentrations of pentachloro- 
phenol (Weinbach and Nolan, 1956) and that a considerable increase in lactic acid 
content has been reported from aestivating Pila (Meenakshi, 1956). In our desic- 
cating specimens, on the contrary, the lactic acid present initially disappeared com- 
pletely and the volatile acids diminished. There is little doubt that Australorbis, 
at least during desiccation at high humidity, maintained a purely aerobic metabolism 
despite the deep retraction into the shell. 

The lung of a contracted snail is probably largely compressed and it is prob- 
lematical whether it plays a large role in the gaseous exchanges. Diffusion through 
the tissues exposed to the air within the shell may have been sufficient. It should 
be kept in mind that conditions are quite different when a snail retracts into its 
shell in water. During desiccation the tissues are in direct contact with atmospheric 
air where the absolute amounts of oxygen are much higher than in water and where 
diffusion is incomparably more rapid than if the whorl is filled with water. It is 
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therefore most likely that the reduction in oxygen consumption was largely a 
consequence of desiccation proper, although in the longer-lasting series starvation 
may well have been a contributing factor. 

That loss of water per se influences snails can be deduced also from our heart- 
beat observations. Starvation in water led to a reduction in rate, and a similar 
reduction, though slower to appear, was evident in snails desiccating at 96 per cent 
relative humidity. At lower humidities, on the contrary, the period of decline was 
preceded by one of increased rate and many irregularities in heart action were ob- 
served. While the final water loss was not very different, it was more gradual 
in the 96 per cent series and a difference in over-all tissue hydration was probably 
present even towards the end of the experiments (see below). On the whole, the 
impression was gained that at 96 per cent humidity the heart had an opportunity 
to adapt itself to changed conditions, while this did not occur during the shorter 
periods involved at lower humidities. It is probable that at the lower humidities 
increased concentration of organic and inorganic materials accumulating in the 
blood may have put a strain on the heart. It was not directly demonstrated because 
Australorbis is for technical reasons not suitable for such experiments, but 
Arvanitaki and Cardot (1932) had found previously a salt concentration of 0.080 N 
in Helix pisana collected immediately after a rain and 0.147 N seven days after- 
wards.* 

In humidities of 85 per cent and below, the last snails died when they had lost 
about 70 per cent of their original water.* While this loss is very large,® the over- 
all tissue hydration does not decline to the same extent, because the remaining water 
hydrates the tissues of an animal whose weight has declined. The general relations 
between over-all tissue hydration and total water loss are shown in Figure 5. This 
figure is drawn on the assumption that the organic material remains unchanged, 
and is therefore valid only in cases of very rapid desiccation. In experiments of 
long duration, such as at 96 per cent relative humidity, a considerable percentage 
of tissue is lost. While no exact data could be secured, a final loss of 50 to 60 per 
cent appears possible (see below). If this loss is taken into account, the over-all 
tissue hydration was about the same at the beginning as at the end of the desiccation 
period (Table III). Even if this should be literally true (and no such claim is 
made), the physiological state of the desiccating snail probably differs from that of 
snails kept in water. For instance, any loss of water, whether accompanied by a 
loss of tissue or not, should result in an increased percentage of inorganic material 

8It is probably unwarranted, however, to generalize: Pusswald (1948) reported that the 
blood of the slugs Arion and Lima-x lost 84.5 and 92.0 per cent of their initial water, respectively, 
when the water loss of the entire body was 60 per cent. In Limax the percentage of water 
content of the blood had at this point declined from 97.6 per cent to 77.3 per cent. In snails 
with external shells the water loss of the blood seems to be less pronounced. Gebhardt-Dunkel 
(1953) studied five species of terrestrial snails and found a decline in the water content of the 
blood from initial values ranging in the various species from 97.7 to 98.1 per cent to final values 
varying between 88.4 and 88.8 per cent shortly before death from desiccation. 

* Actually, the water loss is probably slightly higher since the water resulting from the 
oxidation of food reserves has not been taken into account in this calculation. 

5 This resistance to loss of water is not unique. Roots (1956) states that the earthworms 
Allolobophora chlorotica and Lumbricus terrestris survive losses of body water of 75 and 70 
per cent, respectively. Other invertebrates are more sensitive. According to Biancamaria 
(1955), the crayfish Potamon edulis dies after having lost 15 to 23 per cent of the original 
water. For older data on resistance to desiccation, see Hall (1922). 
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Figure 5. Theoretical relation between weight (water loss) and over-all hydration of soft 
tissues in desiccating Australorbis glabratus. Initial water content 87 per cent. 


in the remaining tissues, unless the snail is capable of incorporating the excess into 
the shell, a point that was not studied. Computations from data presented by 
Buck and Keister (1949, Fig. 7) show that in flies, also, considerable water loss 
may occur without decrease in over-all tissue hydration. This suggests that the phe- 
nomenon may be widespread. 

The endogenous foodstuffs during desiccation were studied only at 96 per cent 
relative humidity where a consumption of polysaccharides, lipids, lactic and volatile 
acids was found. Since there was no indication of a partial shift to anaerobiosis, 
total oxidation can be assumed and the oxygen required for it can be calculated. 
It is also possible to calculate approximately the tutal oxygen consumed during the 
desiccation period by graphic integration of the rates determined at the intervals 
shown in Figure 4. As Figure 6 indicates, the above substances account only for 


TABLE III 


Calculated over-all hydration of the soft tissues of Australorbis glabratus when 50 per cent of the soft 
tissues disappear during desiccation at 96 per cent relative humidity and the final total weight of 
the desiccated snail is 67 per cent of the pre-desiccation value, as was found 


Per cent water 
in complex soft 
tissues +water 


Total weight, Shell weight, Weight of soft Weight of 
mg. tissues, mg. water, mg. 


9.2 59.2 87 


Pre-desiccation 31.6 
Post-desiccation 31.6 4.6 30.8 87 
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a relatively small fraction of the total oxygen consumption, both during desiccation 
and during starvation in water. In conformity with other starving organisms, 
it may be assumed that proteins were the main substrate. A calculation of the total 
oxygen consumed by snails desiccating at 96 per cent relative humidity for 128 days 
gives approximately 56 ml. oxygen per one gram original weight. About 9 ml. are 
accounted for by the oxidation of polysaccharides and lipids during the first 30 
days (the additional amount for lactic and volatile acids is negligible). Since these 
reserves were largely depleted at the end of this period, 47 ml. of oxygen can 


—— MEASURED OXYGEN CONSUMPTION 
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h 


WwW 
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Ficure 6. Comparison of oxygen consumption calculated from polysaccharide and lipid 
consumption, assuming total oxidation, and measured oxygen consumption (total oxygen 
consumption obtained by graphic evaluation of determinations done at specified intervals; see 
text). The values have been calculated for one gram pre-starvation or pre-desiccation weight. 


tentatively be linked with protein consumption, permitting the oxidation of ap- 
proximately 48 mg. of protein. Since a one-gram snail (initial weight) contains, 
on an average, 92 mg. of dried soft tissue, the calculated tissue loss would be 
roughly 50 to 60 per cent. This figure appears possible, since even higher organ- 
isms can lose more than 50 per cent of their weight during starvation, e.g., a dog 
discussed by Putter (1911) decreased in weight from 19.65 kg. to 9.17 kg., yet 
recovered upon feeding. Other examples are planarians, which decrease so mark- 
edly in size during starvation that their weight loss must be far larger than 50 per 
cent (Stoppenbrinck, 1905; Berninger, 1911). 





DESICCATION OF SNAILS 


SUMMARY 


1. Decreasing humidity leads to a progressively more rapid decline of survival 
time, body weight and rate of oxygen consumption. Snails starving in air of high 
humidity survive longer than snails starving in water, but their final weight is 
lower. 

2. The heart rate of snails starving in water or desiccating at 96 per cent rela- 
tive humidity decreases. At all lower humidities a transitory phase of increased 
heart rate and many irregularities in heart action occurs. 

3. During starvation in water and during desiccation, polysaccharide and lipid 
stores become depleted. Lactic acid disappears completely from the tissues during 
desiccation and volatile acids diminish. 

4. It is concluded that the decrease in oxygen consumption is largely due to 
desiccation proper but that at high humidity starvation is a contributing factor. 

5. Snails desiccating at high humidity have a purely aerobic metabolism. 
The relationship between the oxygen required for oxidation of polysaccharides and 
lipids and the total oxygen consumed indicates that protein may be the main sub- 
strate during prolonged periods of starvation in water or of desiccation. 

6. The percentage of total body water lost and the percentage of water in the 
tissues do not decrease at the same rate during desiccation, tissue hydration de- 
clining at a slower rate. If marked tissue losses occur during long periods of 
desiccation, the over-all tissue hydration may remain unchanged even if the total 
water loss is very pronounced. 
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SIMILARITIES BETWEEN DAILY FLUCTUATIONS IN BACKGROUND 
RADIATION AND O,-CONSUMPTION IN THE 
LIVING ORGANISM ?? 
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Department of Biological Sciences, Northwestern University and Department of 
Physiology and Bacteriology, Goucher College 


Recent studies on fluctuations in O,-consumption and in spontaneous activity 
in conditions constant with respect to all factors known to influence organisms, have 
provided strong evidence that some external fluctuating physical factors are still 
exerting an influence on protoplasmic systems. The studies were made in con- 
junction with an analysis of temperature-independent, solar-day and lunar-day, 
cycles under constant conditions. Solar-day cycles have been known for a number 
of years to be widespread among organisms, and more recently it has become evident 
that lunar-day cycles also occur. 

The evidence for an influence of an external factor has come from the recent 
rediscovery (see Stewart, 1898, for early literature) of correlations of organismic 
activities with barometric pressure and its changes (Brown, Freeland and Ralph, 
1955; Brown, Webb, Bennett and Sandeen, 1955; Brown, Bennett, Webb and 
Ralph, 1956). These correlations have recently also been shown to occur in two 
lag-lead relationships. One is between the rates of barometric pressure change at 
certain specific times of day n, n-1, and n-2 as correlated with biological activity 
at an approximately corresponding time on day nm. A second correlation is between 
the organismic activity at a particular time of day, expressed either in absolute 
terms or as deviation from the daily mean and the mean daily barometric pressure 
of the second day thereafter. That these correlations are in no manner responses 
to pressure changes themselves is clear not only from the lead-correlation of the 
organism on barometric pressure, but also from studies in which organisms were 
shielded from the normal external pressure fluctuations for as long as three con- 
secutive months. 

Recent work (Figge, 1947; Brown, Bennett and Ralph, 1955) has suggested 
that some form of cosmic radiation might be capable of influencing organisms. 
This view has been strengthened by the discovery of 27-day organismic fluctuations 
(Brown, Bennett, Webb and Ralph, 1956), a frequency recently reported to exist 
also in fluctuations in cosmic radiation (Simpson, 1954). As a consequence, the 
following studies were undertaken to investigate in some detail any possible re- 
lationships between general background radiation and organismic metabolism. 


1 These studies were aided by a contract between the Office of Naval Research, Department 
of the Navy, and Northwestern University, NON R-122803. 

2 The authors wish to acknowledge their indebtedness to Professor H. T. Davis of the 
Department of Mathematics, Northwestern University, who gave freely very valuable advice 
during the course of the investigation and preparation of the material for publication. 
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MATERIALS AND METHODS 


The O,-consumption of potatoes was recorded continuously from February 1 
through May 31 at Evanston, Illinois by means of Brown (1954) recording 
respirometers modified in such a manner (Brown, 1957), that a constant pressure 
was maintained by hermetically sealing the respirometers and recording system in 
rigid copper containers, the barostats, in which the pressure was kept at a constant 
reduced level of 28.50 inches Hg. Five barostats, each with four respirometers 
jointly providing a single continuous record of the fluctuations in rate of O,- 
consumption, were in essentially continuous operation during the four-month period. 

A cylindrical core of potato with an eye was placed in each respirometer. 
These cores were about 2.2 cm. in diameter and 1144 cm. high. The first lot was 
prepared on January 31, and with the exception of a very few occasional single- 
potato replacements continued in the respirometers until May 1 when a completely 
new set of potatoes was substituted. These latter were followed through the month 
of May. Therefore, the first lot of potatoes remained in constant conditions in- 
cluding pressure for three months except for brief periods of 15-20 minutes once 
every two to six days when the O, reservoirs were being refilled and the CO,- 
absorbent renewed. The second lot remained in constant conditions, with no 
replacements for one month. 

Only complete, uninterrupted calendar-days of recordings were used in the 
analysis. Partial days of data (days a respirometer was set up) were discarded. 

Background radiation was recorded continuously during the same four-month 
period by means of a 2 X 30-inch cosmic-ray counter with an appropriate scaler 
and data printer. This monitoring system, located in the same laboratory with the 
five barostat-respirometer ensembles, yielded a count rate of the order of 40,000/ 
hour. A few days of data were missed about the middle of May. 


RESULTS 

There were clear systematic fluctuations in O.-consumption in the potatoes 
throughout the four-month period. These were most commonly ones appearing to 
possess a single major cycle a day. When 3 X 7-hour moving means of the average 
of all those two to five barostats for which recordings were complete on that day 
were calculated it was found that these daily fluctuations involved up to 28% in- 
crease, with a mean of 13.7% from lowest to highest values for the day for 30 
sample days taken at random. In view of the leveling influence of the 3 x 7-hour 
sliding average, the actual range was undoubtedly substantially greater. 

In Figure 1 (Nos. 1-5) are seen the mean forms of the daily fluctuation for the 
four-month period for each of the five barostats. It is quite evident that two general 
forms of mean daily fluctuation are apparent. Numbers 1, 3 and 4 showed a clear 
major cycle with a minimum in the early morning hours and a maximum in the late 
afternoon. Numbers 2 and 5 exhibited essentially a 180°-phase shift relative to 
the others. These five, independent, four-month samples, from lowest to highest 
values in the mean daily cycles are, respectively, 10%, 7.3%, 9.0%, 10%, and 
48%. The average value of the five, 8.2%, is in remarkable agreement with the 
value, 8.0%, obtained for a two-month period in the spring of 1955 (Brown, 1957). 
All five mean cycles possess a minor peak about 6 p.m. and slight minima at 
1-2 a.m. and 3 P.M., irrespective of the form of the major cycle. This fact is em- 
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Ficure 1. 1, 2, 3, 4, and 5 depict the mean daily cycles of fluctuation in O2-consumption 
in potatoes, expressed as deviations from daily means, for each of the five independent respirom- 
eter-recording systems over the four-month period of study. 1-5 is the mean cycle for all the 
data. The actual percentage of the fluctuations is given in the text. 
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phasized in the mean 4-month cycle for all the barostats, Figure 1, (1-5) in which 
the 6 p.m. deviation from the daily mean is positive and highly significantly dif- 
ferent from 0. 

The mean daily cycle for all the barostats displayed no really significant evidence 
of a daily cycle except for the 5-6-7 p.m. peak clearly as a consequence of the 
algebraic summation of two forms of cycles, one essentially 180° out of phase with 
the other. It was apparent, also, from inspection of the single monthly mean 








AM PM 6 12 18 


Figure 2. A. The mean daily cycles of general background radiation for each of four 
months. B. The mean lunar-day cycles of general background radiation for each of the four 
months. Lunar Zenith occurs at the 12th hour; Nadir, about 0 or 24. All these cycles are three- 
hour moving means of radiation. The mean percentages of the fluctuations are given in the text. 


cycles for the single barostats that each of the five mean four-month cycles included 
monthly cycles tending to be of the form of the final four-month mean form, or 180° 
out of phase with it. 

It seemed quite evident, therefore, that daily cycles of the potatoes were tending 
to exhibit one or the other of two forms, with, to the present, no suggestion that 
the occurrence of one type or the other is other than random. 

An inspection of the fluctuations in radiation indicated there to be, in general, 
a clear mean daily cycle with a maximum about 6 a.m. and a minimum about 6 
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p.M. The mean daily cycles of three-hour moving means for each of the four 
months are seen in Figure 2 A. The mean cycles for February, March, and April 
are of strikingly similar form, with a gradually increasing amplitude (1.2%, 1.5%, 
and 2.3% increase from lowest to highest values). The maximum amplitude for 
a single day was about 10%. The cycle for May (5 days of data missing) showed 
an altered form though the amplitude, 1.3%, was of the same magnitude. In- 
spection of the daily data showed five days of the month (May 5, 15, 20, 23, 29) to 
have their cycles shifted about 180° relative to all the other days. The mean ampli- 
tude for the “typical” days was 2.2%, that for the five “shifted” days, 3.2%. Three 
days of the preceding month (April 1, 2, and 15) were also “shifted” days; no 
“shifted” days were present in February and March. 

In view of the described presence of mean lunar-day cycles in numerous animals 
and plants, the mean lunar-day cycles of radiation were determined for each of the 
four months. These are seen in Figure 2 B. The cycles for February and March 
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Figure 3. Five-day weighted (1:2:3:2:1) means of deviations of radiation intensity during 
the 2-6 a.m. and 2-6 p.m. periods from the daily means (solid lines) and corresponding weighted 
five-day means of O2-consumption in potatoes for the 4-7 a.m. and 47 p.m. periods (dotted 
lines). 


were rather similar, that of April shifted essentially 180° relative to the preceding 
two months. The cycle for May, with the highest amplitude of the four, again 
resembled those of February and March. There appeared to be a tendency for a 
maximum, or a minimum, to occur between the time of lunar Zenith and two to three 
hours afterwards, and for a maximum or a minimum to occur at the time of lunar 
Nadir. The amplitudes of the four average monthly cycles are, respectively, from 
minimum to maximum values, 0.57%, 0.37%, 0.60%, and 0.83%. 


CoRRELATION BETWEEN RADIATION AND O.—CONSUMPTION 


It is quite evident that even if the potato possesses mean daily cycles of O,- 
consumption, its apparent tendency towards 180° phase-shifting would obscure 
much of this when large quantities of data were averaged. In view, however, of the 
relatively large-amplitude, daily fluctuations of the mean rates for all those potatoes 
recorded on a single day, an attempt was made to learn whether there might be 
a correlation between the amplitude of the day-by-day fluctuation in the background 
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radiation and the amplitude of the day-by-day fluctuation in O,-consumption of the 
potatoes. 

In Figure 3 A is shown a weighted (1:2:3:2:1) five-day moving mean of 
the deviations in intensity of radiation from its daily mean for the 2-6 A.M. period 
(all were positive values), and similar deviations from the daily means for the 
2-6 P.M. period (all were negative values). Plotted on different ordinate scales are 
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Figure 4. The relationship between the deviation in O2-consumption at 4-7 a.m. and 
4-7 p.m. from the daily mean of day n, expressed as deviations from monthly means, and the 
square of the deviation of radiation at 2-6 a.m. and 2-6 p.m. from its daily means for day n-l 
expressed in the same terms (P < 10). 


superimposed correspondingly weighted five-day moving means of the deviation of 
O,-consumption from the daily means for the 4-7 a.m. and 4~7 p.m. periods. It 
is evident from inspection that there is a highly suggestive similarity between the 
fluctuations in radiation and in O,-consumption if one admits that the organismic 
cycles display alterations in sign of their correlation from time to time. 

To quantify this similarity and to obtain at least an approximate measure of the 
significance of such an apparent similarity, a coefficient was determined for the 
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correlation between the deviations of radiation from its mean monthly deviations for 
each of the two times of day, on the one hand, and the deviations of O,-consumption 
from their mean monthly deviations, for these times of day on the other. In this 
correlation, the signs of the deviations were ignored. A study of the regressional 
relationship indicated the relationship to be non-linear, and that the deviation in 
O,-consumption was, instead, linearly related to the square of the deviation in radia- 
tion, and that the deviation in O,-consumption on day n showed its correlations with 
day n-2, and especially n-1, of radiation with a rapid drop in coefficient to days 
n-3 and n. The coefficients and their errors for days n through n-3 were, re- 
spectively, 0.191 + 0.066, 0.337 + 0.062, 0.290 + 0.064, and 0.135 + 0.068. 

The calculated regression for O,-consumption on day n on the square of radiation 
for day n-1 is seen in Figure 4. The relationships between deviations in radiation 
and in O,-consumption were calculated to be as follows: 


Radiation QO: 
0.5% 0.3% 
1.0% 1.8% 
1.5% 4.1% 
2.0% 7.0% 


The lag-lead relationship, radiation day n-1, was apparently simply the best 
compromise between radiation on day n-2 when using only the 4-7 a.m. value of 
Q,-consumption (0.41 + 0.081), and radiation on day n using only the 4-7 p.m, 
value (0.369 + 0.084). 

An inspection of the form of the fluctuations in radiation and in O,-consumption 
clearly suggested that in no other lag-lead relationship would correlations sig- 
nificantly different from zero be found over the four-month period. However, this 
was investigated more specifically. Correlations were found between radiation and 
O,-consumption as follows: between the 4-7 a.m. deviation in O,-consumption on 
day n from its mean 13-day deviation for this time of day, and the deviation of the 
4-7 p.m. (day n-2) to 47 a.m. (day n-1) change in radiation from its mean 
monthly change for this period the coefficient was 0.352 + 0.087. On the other 
hand, between the corresponding 4-7 p.m. deviation in O,-consumption for day n 
and the corresponding 4-7 a.m. to 47 p.m. change in radiation of day n the 
coefficient was 0.382 + 0.083. Eleven other lag-lead relationships for each of the 
times of day, sampling from day n-30 to day n + 15 for radiation failed to yield 
any correlations similarly highly significantly different from zero. 


DISCUSSION 


The results which have just been described provide one additional kind of 
evidence in support of the conclusion reached by Brown, Freeland and Ralph 
(1955) and Brown, Webb, Bennett and Sandeen (1955), in a study of correlations 
between metabolism of various organisms and concurrent rates and directions of 
barometric pressure change, that the organism in “constant conditions” still is 
responding to fluctuations in some external physical factor or factors. This view 
was given further support by the studies of Brown, Bennett, Webb and Ralph 
(1956) on the quahog. In more recent studies (Brown, 1957) employing baro- 
Stats as in the current study, correlations with barometric pressure were found 
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for O,-consumption in potatoes over about a 114-month period of study. In this 
latter investigation, unlike in earlier ones, there was a strong indication that the 
fluctuations in O,-consumption on any given day tended to display either one of two 
patterns, one tending to be 180° out of phase with the other for either the whole or 
part of the day. 

In the last-mentioned study there was a correlation of the deviations (ignoring 
sign) from the daily mean of the O.-consumption of the potato at 4-7 a.m. on day n 
with the rate and direction of barometric pressure change from 2 to 6 a.m. 
centered on day n-2. In another kind of analysis of the data, there was found to be 
for the potato, a correlation between the 4-7 p.m. deviation from the daily mean of 
O,-consumption and the mean barometric pressure on day » + 2 (Brown, Webb 
and Macey, 1957). Despite these correlations, the directly effective factor, in view 
of the use of barostats, could not have been pressure per se. 

It is interesting that in this current four-month study there was also clearly 
reproduced a positive correlation between the deviation of the 4-7 p.m. value of 
O.-consumption on day m from its daily mean and the mean barometric pressure 
of day n + 2 (Brown, Webb and Macey, 1957). It will be recalled that the 4-7 
P.M. period was the only period of the day possessing a non-inverting cyclic 
component, and the correlation with barometric pressure correspondingly remained 
positive throughout the whole four-month period. In the spring of 1954, when a 
comparable and relatively striking negative correlation (— 0.65) was found using 
the potato (not in barostats), it was similarly only the 4-7 p.m. period of the day 
which possessed this property. 

Another notable observation made in the current studies is that the correlation 
with the deviations in radiation were maximum for days nm to n-2(n-2, for the 
4-7 a.m. O,-consumption) for radiation. This is essentially the same lead-lag 
relationship found for the potato in the spring of 1955, a year earlier, with rates of 
barometric pressure change for comparable periods of the day, and also which 
obtained during the summer of 1955 for the sea weed, Fucus (unpublished results). 

It seems reasonable to postulate that the living organism is displaying a mean 
one- to two-day lag response to some external factor correlated both with fluctua- 
tions in barometric pressure and with daily cycles in background radiation, and 
that the effective external fluctuations are in some manner correlated with the 
mean daily barometric pressure on the third to fourth day thereafter. From the 
standpoint of a possible significance of these external factors for the maintenance 
of the precision of the many known regular daily cycles observed to persist for long 
periods under constant conditions, it must be admitted that the organism can 
exhibit a metabolic response to some external factor which has clear mean daily 
cycles, even though with a randomly fluctuating amplitude. It has been postu- 
lated earlier (Brown, 1957) that organisms, through an endogenous capacity to 
oscillate, are able to maintain in many instances an endogenous cycle of the same 
frequency as the external ones. 

The mean lunar-day cycles of radiation are of special interest relative to lunar- 
day mean cycles of biological activities which have been described (e.g., Brown, 
Freeland and Ralph, 1955; Brown, Webb, Bennett and Sandeen, 1955; Brown, 
Shriner and Ralph, 1956). The principal maximum (or minimum) in both the 
mean lunar-day cycles of radiation and of most of those biological activities so far 
described appear to occur at the times of lunar Zenith or shortly afterwards. The 
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results encourage a more detailed study of lunar-day relationships of radiation and 
activity comparable to the current one for solar-day relationships. Such a study 
is in progress. Also, very suggestive in this regard is the observation that the 
ratio of amplitude of the mean solar-day cycles to the lunar-day ones of radiation, 
is of the same order as the ratio of the amplitude of the solar-to-lunar-day cycles of 
most of the reported mean cycles for organisms, namely 2 or 3 to 1. 


SUMMARY 


1. O,-consumption of potatoes was recorded continuously through the four- 
month period, February-May, 1956. 

2. There were daily fluctuations in rate which, even using 3 X 7-hour moving 
means, displayed a mean amplitude of about 14%. 

3. Five independent respirometer-recording systems yielded mean daily cycles 
for the four-month period ranging in amplitude from 4.8 to 10.0% with a mean 
of 8.2%. 

4. The mean cycles were of two forms, one essentially 180° out of phase with 
the other. 

5. Solar-day and lunar-day mean fluctuations in background radiation were 
also determined for the period of the investigation. 

6. A small but very highly significant correlation existed between the fluctua- 
tions in amplitude of the daily cycles in radiation on day n-1 and amplitude of the 
daily fluctuations in O,-consumption in the potato on day n. 
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LAG-LEAD CORRELATIONS OF BAROMETRIC PRESSURE 
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It has been known for many years that numerous kinds of organisms repre- 
senting most of the major divisions of living things exhibit under constant condi- 
tions overt cyclic fluctuations of solar-day frequency of one or more of their 
processes. Less well known is the fact that at least a few organisms which live in 
the intertidal regions of the oceans have similarly clear cycles of tidal frequency. 
These rhythms appear to be expressions of a biological-clock system upon which 
the organism normally relies importantly in the adaptive regulation of its physio- 
logical behavior in its rhythmic external environment. In the past few years it has 
been firmly established that the frequencies of these cycles are independent of 
temperature over a wide temperature range, a characteristic which is, of course, 
an essential one if these cycles were to have practical adaptive value in the normal 
environment with its substantial fluctuations in temperature from hour to hour and 
day to day. Particularly within the past two years it has become more and more 
evident that all animals and plants have average solar-day and lunar-day fluctua- 
tions and that in the maintenance of these cycles, the organisms are receiving stimuli 
of some character from the fluctuating external physical environment even under 
conditions generally considered to be constant. 

Evidence for an influence of a fluctuating external factor affecting the organisms 
even under “constant conditions” has come from both 1) highly significant 
correlations between hourly rates of metabolism in several organisms and concurrent 
hourly barometric pressure changes, and 2) remarkable similarities in the forms 
of day-to-day changes in mean rates of metabolism for the whole day, or specific 
parts of a day, and the forms of the day-to-day large climatic changes in the mean 
daily barometric pressures (approximated by the pressure for any arbitrarily se- 
lected, restricted, time of day). The day-to-day drifting of mean barometric 
pressures in a temperate-zone area appears superficially to be random, with every 
given period a month or so long, exhibiting its own specific pattern. Despite this, 
the forms of the day-by-day fluctuations in rates of metabolism or certain other 
biological phenomena of a number of species of organisms have appeared to be 
rather similar, either in a direct relationship or an inverse one, to the concurrent 
fluctuations in mean daily pressures. This has been found true to such an extent 


1 These studies were aided by a contract between the Office of Naval Research, Department 
of the Navy, and Northwestern University, NONR-122803. 

2 The authors wish to acknowledge their indebtedness to Professor H. T. Davis of the 
Department of Mathematics, Northwestern University, who gave freely very valuable advice 
during the course of the investigation and preparation of the manuscript for publication. 
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as to seem more than fortuitous, though there is no generally acceptable test for 
significance of correlations of such time series. 

For many years relationship between barometric pressure and human physiology 
has been believed to exist. Asa result of the prevalence of such a view during the 
first half of the last century Vivenot (1860) performed what he considered a crucial 
experiment to test this view. He constructed an air-tight chamber within which an 
experimenter could study pulse and respiration rates in subjects while the pressure 
within the chamber was experimentally altered. With this he found no evidence 
that small pressure changes had any influence upon the individual. A few years 
later, Lombard (1887) described striking similarities between fluctuations in the 
strength of the normal knee-jerk and concurrent fluctuations in external barometric 
pressure and temperature. The correlation was positive with pressure and negative 
with temperature. Later, the same investigator (Lombard, 1892) in more ex- 
tensive studies reported a correlation between the rate of fatigue for voluntary 
contraction of the flexor muscle of the second finger and barometric pressure. 
With rising pressure there was increased capacity for work and with falling, de- 
creased. The biological phenomenon retained its correlation with both the regular 
daily tidal and the irregular climatic pressure changes. Furthermore, pressure 
changes experimentally obtained by ascending and descending a mountain yielded 
quite comparable correlations. 

Some experiments with spontaneous activity of other mammals yielded com- 
parable apparent relationships to barometric pressure changes. Hodge (1897), 
studying the spontaneous running of two dogs through the application of special 
pedometers to their collars, found a correlation between the mean daily activities 
of the two dogs with respect to one another and to the concurrent mean daily 
barometric pressure. With the latter the correlation was positive over the two- 
month period of study. The correlation with pressure was extensively confirmed 
by Stewart (1898) employing rats and certain other mammals, in activity recorders. 
Gray rats exhibited a negative correlation with pressure over the 70-day period of 
his study. White rats, for a 30-day period included within the previous study 
period, showed a positive correlation with pressure. Stewart postulated, on the 
evidence at hand, that wild mammals displayed a negative, and domesticated animals 
a positive, correlation with pressure. 

A widespread occurrence of a correlation between barometric pressure changes 
and biological activities was found by Brown, Freeland and Ralph (1955) and 
Brown, Webb, Bennett and Sandeen (1955) who were investigating fluctuations 
in O,-consumption in potatoes, carrots, seaweed, fiddler crabs, and salamanders. 
All of these organisms showed correlations highly significantly different from zero 
between the hourly rates of O,-consumption and the concurrent rate and direction 
of barometric pressure change. Later, Brown, Bennett, Webb and Ralph (1956) 
found correlations between the spontaneous opening of oysters and quahogs, and 
barometric pressure changes. In these recent studies it was strongly suggested 
by inspection of the data, however, that in paralleling the patterns of fluctuations, 
the organisms were actually leading the barometric pressure changes by more than 
a day. 

One purpose of this report is to describe results from a simple statistical analysis 
of all the results on this score obtained in our laboratories between March 1, 1954 
and June 9, 1955. These point conclusively to an ability of a wide variety of living 
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TABLE | 
Organism and place Dates (inclusive) an ee r 
Fucus! 
Woods, Hole, Mass. July 28—-Aug. 2| 1954 day n n+2 
Aug. 21-29 (5-7 A.M.) (5-7 A.M.) —0.476+0.200 
day n n+2 
Aug. 3-20, 1954 (5-7 A.M.) (5-7 a.M.) | +0.507+0.176 
Ostrea (10° C.)? Mar. 1—April 13, 1954 day / n+1 
Evanston, Ill. (av. daily) (av. daily) | +0.411+0.125 
Ostrea June 18—July 28, 1954 day n n+2 +0.383+0.139 
(av. daily) (av. daily) 
July 29-—Aug. 27, 1954 —0.658+0.104* 
Rattus® Nov 16-Dec. 3| 1954 day n n+7 
Feb. 2—Mar. 13! 1955 (noon) (noon) +0.598+0.068* 
day n n+7 
Dec. 5—Feb. 1, 1954-55 (noon) (noon) —0.362+0.113 
Solanum May 12-—June 9, 1954 day n n+1 
Evanston, II. —0.650+0.110* 
Solanum'® April 1-June 8, 1955 day n n-+2 
Evanston, III. 5-7 P.M.) (5-7 p.m.) | +0.266+0.071 
(5 groups) 
Triturus* May 12—June 9, 1954 day n+2 
Evanston, Ill. (5-7 P.M.) 5-7 P.M.) —0.842+0.059* 
Uca pugilator* 
Woods Hole, Mass. June 20—July 20, 1954 day n n+2 
(5-7 A.M.) (5-7 a.m.) | —0.472+0.144 
July 21—Aug. 27, 1954 day n n+2 


(5—7 A.M.) (5-7 A.M.) +0.595+0.104* 


Uca pugnax* 
Woods Hole, Mass. June 18—Aug. 29, 1954 day n n+2 
(5-7 P.M.) (5-7 p.m.) | —0.423+0.100 


Venus* 
Woods Hole, Mass. June 18—Aug. 29, 1954 day n n-+2 
(av. daily) (5-7 A.M.) —0.446+0.096 


1 Brown, Freeland and Ralph (1955). 

? Brown (1954). 

*’ Brown, Bennett, Webb and Ralph (1956). 

* Brown, Webb, Bennett and Sandeen (1955). 

5 Brown, Shriner and Ralph (1956). 

6 Brown (1957). 

* Conventionally determined standard errors for such large values of r do not provide true 
measures of probabilities. 
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things, ranging from lower to higher plants and from lower to higher animals, to 
show a lead correlation with barometric pressure changes by one to seven days 
(usually two). The only organism studied in our laboratory during this period 
which was not included in this report is the carrot, which was omitted, not because 
of any lack of similar type of correlation, but rather because there were some known 
injury effects on the O,-consumption during part of the single-month period of 
study. 

The organisms, the times of study, and the coefficients of correlation obtained 
in 703 organism-days are given in Table I. These are all correlations of three-day 
moving means except for the potato in 1955, in which daily mean values of O,- 
consumption were correlated with three-day sliding averages of barometric pressure. 
Indicated in footnotes are the references to the publication of the results obtained 
with these species. In these publications it had not occurred to the authors to make 
this type of analysis, and furthermore, due to the extraordinary nature of the 
conclusions, it is to be doubted that a single demonstration of the phenomenon 
of a lead correlation, even though shown to be statistically significant (assuming 
random fluctuation in the organism), would have been credited by most physiolo- 
gists. 

All of the results were obtained in conditions of constant, continuous low 
illumination of the order of 1 ft. c. or less, except with the white rat, Rattus, for 
which two periods of continuous darkness, totalling 43 days, were included in the 
data. The conditions of the experiments with the brown alga, Fucus, two species 
of fiddler crabs, Uca pugnax and Uca pugilator, the salamander, Triturus and the 
potato, Solanum included also very precisely regulated constant temperature, and, 
in addition, for Solanum in 1955, constant pressure through the use of a barostat. 

The biological process studied was the rate of O,-consumption in Fucus, Uca 
pugnax and Uca pugilator, Triturus and Solanum. It was the average daily 
minutes open per hour for both the oyster, Ostrea and the quahog, Venus; it was the 
total distance spontaneously run per day in the case of Rattus. 

To determine when the correlation would be highest, whether with the same day 
(day m) of barometric pressure, the following day (day » +1), the second day 
after (day n + 2), or some earlier or later one, tracings of the fluctuations of the 
physiological process and of barometric pressure were superimposed and inspected 
in various temporal relationships. In the vast majority of cases, there was clearly 
only one relationship which promised high correlation with an obviously rapid drop 
towards no correlation with either greater or less displacement and no other re- 
lationship with nearly as high a correlation could be seen by such inspection over 
the rest of the period. In two cases, Triturus and Solanum, it was not evident 
from inspection, whether the correlation would be best with day n+ 1, n+ 2, 
or day n+ 3. In these cases, coefficients were determined for all three times and 
the highest one was selected; it was obvious, however, there was no other relation- 
ship with these species in which the correlation would be as high or significant. 

The change in sign of the correlation from time to time seems clearly to be a 
biological contribution, probably to be compared superficially with the well-known 
changes of sign frequently observed in animal orientation. The sign change appears 
to occur abruptly and cleanly; the cause of the change is still unknown. It is 
known, however, that in all those cases examined in which the sign of correlation 
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changed, there was concurrently a transformation of the form of the mean daily 
and lunar-day cycles to essentially their mirror images. 

For all the periods the correlations ranged in size from 0.266 to 0.842. All 
were significantly different from zero by ordinary tests for correlations. Both the 
— 0.362 for Rattus and the 0.383 for Ostrea appeared to include one or two very 
brief periods of change of sign in the relationship. The potatoes in 1955, judging 
by periodic inversions of their solar-day cycles, appeared to be changing the sign 
of their correlation from time to time, and probably hence the lowest, though quite 
real, correlation. 

The great majority of the correlations centered on day n+ 2 of barometric 
pressure. Solanum in 1954 and Ostrea at 10° C., centered on day n+1. The 
potato in 1955 gave almost the same correlation for » + 2 and n+ 3. The most 
surprising result, on the basis of hypotheses available to account for this phe- 
nomenon, was that Rattus showed by far its highest correlation with day n + 7, 
The coefficient would have risen from 0.598 + 0.088 to 0.668 + 0.07 by the justifi- 
able statistical procedure of eliminating from consideration the transitional values, 
those of Dec. 1-3 and Feb. 2, which were seen clearly to contribute naturally to 
neither series. 

Since there appeared to be no test for the significance of correlations between 
two time series that would be acceptable to all statisticians, further experiments were 
performed to attempt to demonstrate the reproducibility of the phenomenon. The 
first of these involved a four-month study of potatoes in Evanston, Illinois. Small 
cores of potatoes bearing eyes were obtained by means of a large cork-borer, and 
one was placed in each of 20 respirometer vessels (Brown, 1954). Four 
respirometer vessels upon a single recording system were sealed in each of five 
barostats on Feb. 1, 1956. During a three-month period, the respirometers were 
opened for about 15 minutes once every two to six days, to refill the O,- 
reservoirs and replace the CO,-absorbent. Very rarely a potato was replaced with 
a new one during this period. On the first of May, a completely new lot of 
potatoes replaced the old, and the observations were continued through May 31. 
During this study the potatoes were maintained in constant conditions of tempera- 
ture (19.5° C.), of light (< 0.5 ft. c.), and of all other factors known to influence 
organisms. The respirometers were kept under a constant reduced pressure of 
28.50 inches Hg. Approximately 56,000 organism-hours of O,-consumption were 
obtained. 

Inspection of three-day moving means of the mean daily barometric pressure 
for the four-month period, and comparison of weighted (1 :2:3:2:1) five-day mov- 
ing means of the 4-7 p.m. deviation in rate of O,-consumption from the daily mean, 
gave clear suggestion that just as with the potatoes in the 1954 and the 1955 ex- 
periments, there was a lag correlation of barometric pressure on O,-consumption 
by about two days. A scatterplot of the relationship between the barometric 
pressure of day » + 2 and O,-consumption on day nm is seen in Figure 1. This 
yielded a correlation coefficient of 0.339 + 0.0835, a value highly significantly differ- 
ent from zero. 

Figure 1, B, illustrates the various values of r obtained in various lag-lead 
relationships between the two phenomena, i.c., for O,-consumption of day 
correlated with barometric pressure in various temporal relations from day n — 30 to 
day n + 15, a 45-day span. In this instance not only was a correlation centered 
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Figure 1. A. Scatterplot of the relation between the mean barometric pressure on day 
n+ 2 and the 5-6-7 p.m. deviation from the daily mean of O2-consumption of the potato on day 
n. B. Coefficients of correlation (ordinate) between the 5-6-7 p.m. deviation in O.-consumption 
from the daily mean on day n and the mean barometric pressure on various days from n — 30 to 
n+ 15 (abscissa). 


on day n+ 2, but a correlation was also found with barometric pressure, day 
n— 5. 

A second attempt was made in 1956 to confirm an organismic lead-correlation 
of metabolism on barometric pressure. This one was performed in Woods Hole, 
Mass., between June 16 and August 1. These observations were made upon fiddler 
crabs, whose O,-consumption was measured under constant conditions including 
pressure in the same type of apparatus as that used for the potatoes. In this study 
of the fiddler crab, the temperature was similarly very constant but at a higher 
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Figure 2. A. Scatterplot of the relation between the mean barometric pressure on day 
n+ 2 and the 5-6-7 p.m. value of Oz-consumption of the fiddler crab on day n. B. Coefficients 
of correlation (ordinate) between the 5-6-7 p.m. value of O.-consumption from the daily mean 
on day n and the mean barometric pressure on various days from n — 10 to »+ 10 (abscissa). 
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value, near 24° C. In this analysis, as for the experiments performed in 1954 and 
1955, the actual rates of O,-consumption at the 4-7 p.m. period were used. The 
scatterplot relationship between respiration on day m and barometric pressure on 
day n+ 2 is shown in Figure 2, A. This yielded a coefficient of 0.49 + 0.12, 
remarkably close, coincidentally, to the mean of all the values obtained in 1954 and 
1955 (0.5). In Figure 2, B, are depicted the values for r together with their 
deviations for this and other lag-lead correlations between day n of O,-consump- 
tion and day nm — 10 to m + 10 for pressure. The only real correlations in the series 
are for days n+ 1 and n+ 2, with the latter being the more highly significant. 
In these correlations with the crabs three-day moving means were used for both 
pressure and metabolism. 

These two series of experiments performed in 1956 would appear to confirm 
in a striking manner the conclusions reached in the earlier studies.* 

The explanation of the phenomenon considered here seems from a general 
standpoint to be quite evident. Since the organisms cannot be determining the 
barometric pressure changes which are to occur, the organisms must be responding 
to some physical factors and their fluctuations which themselves exhibit a lead- 
correlation on barometric pressure. The potatoes in 1955 and the potatoes and 
crabs in 1956 remained in each case in barostats at 28.50 inches Hg from one to 
three months, the barostats opened only for about 15 minutes once every two to 
six days, and hence, the lead correlation cannot be due to any special responses to 
current rates of change in pressure itself. Since organisms have been shown to 
possess fluctuations in metabolic rates correlated with the rates and directions of 
barometric pressure change and especially since 27-day cycles have been found, 
it appears suggestive that the organism may be able to respond directly to fluctua- 
tions in the intensity of some high energy radiation or of some other physical 
factor with radiation-correlated fluctuation. 

It is futile at the present time to do much speculating as to the external forces 
involved and the manners in which fluctuations in them may interact with the now 
established solar-day and lunar-day clocks and average cycles within organisms. 
This is now being investigated. It may be shown eventually that the phenomenon 
described in this report depends in some manner on the possession by both the 
organisms and the atmosphere of a solar-day and lunar-day cyclicity, and the inter- 
action of these with some less orderly cosmic factor to which both the organism 
and atmosphere can react in an oscillatory fashion. But irrespective of the detailed 
mechanism, correlations of the order of magnitude described here (nearly 0.50 as 
the average degree of correlation for eight species of animals and plants over about 
850 days), and tending very strongly to be centered on day n + 2, especially since 
they cannot be correlations with an actual causative force, are to be viewed as extra- 
ordinary. They force one to conclude that the living organism is clearly responsive 
in an orderly way to forces not hitherto seriously considered by biologists to possess 
any influence. 


3’ Since the manuscript was completed, a further study of the potato during October, 
November and December, 1956 also yielded a lead correlation in which the highest correlation 
(— 0.400 + 0.089) was similarly found with the mean barometric pressure of day n +2, rapidly 
falling on days n+ 1 and » +3 to — 0.307 + 0.094 and — 0.328 + 0.093, respectively, and on days 
n and »+4 to a value not significantly different from zero. From inspection there was no 
other lag or lead relationship in which a significant correlation existed. 
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For the biologist who is attempting to account for the remarkable capacity of 
organisms to measure off with great precision under so-called “constant condi- 
tions,” temperature-independent cycles of the frequencies of natural external cosmic 
events, it becomes highly important to know whether the conditions are truly con- 
stant for the organism, and if not, what is the actual character of the fluctuations 
in the effective external factor or factors. 


SUMMARY 


1. Eight species of living things, ranging from lower to higher plants and lower 
to higher animals, in studies over a three-year period and including approximately 
850 species-days have exhibited without exception a statistically significant lead- 
correlation on barometric pressure with an over-all mean coefficient of about 0.5. 

2. The correlation involved sometimes only the 5-6-7 a.m., sometimes only the 
5-6-7 p.M., and other times the mean daily rates of O,-consumption. 

3. The sign of the correlation was sometimes positive and other times negative. 
Sign changes, when they occurred during a single period of study were abrupt, and 
correlated with a 180°-shift in the phase relationships of the concurrent mean 
solar-day cycles. 

4. In twelve periods of study, ranging from one to four months each, the corre- 
lation in nine cases centered on day n + 2 of barometric pressure. In two cases it 
centered on day » + 1 and in one, on day n + 7. 


LITERATURE CITED 


3rowWN, I. A., Jr., 1954. Persistent activity rhythms in the oyster. dmer. J. Physiol., 178: 
510-514. 

Brown, F. A., Jr., 1957. Response of a living organism, under “constant conditions” including 
pressure, to a barometric-pressure-correlated, cyclic, external variable. Biol. Bull., 
112: 288-304. 

Brown, F. A., Jr., M. F. Bennett, H. M. Wess anv C. L. Rarpn, 1956. Persistent daily, 
monthly and 27-day cycles of activity in the oyster and quahog. J. Exp. Zool., 131: 
235-262. 

Brown, F. A., Jr., R. O. FreeLranp anv C. L. Racpu, 1955. Persistent rhythms of Os-con- 
sumption in potatoes, carrots and the seaweed, Fucus. Plant Physiol., 30: 280-292. 

Brown, F. A., Jr., J. SHRmNER AND C. L. Ravpn, 1956. Solar and lunar rhythmicity in the 
rat in “constant conditions” and the mechanism of physiological time measurement. 
Amer. J. Physiol., 184: 491-496. 

Brown, F. A., Jr., H. M. Wess, M. F. BenNetT anv M. I. SANDEEN, 1955. Evidence for an 
exogenous contribution to persistent diurnal and lunar rhythmicity under so-called 
constant conditions. Biol. Bull., 109: 238-254. 

Honce, C. F., 1897. Experiments on the physiology of alcohol, made under the auspices of the 
committee of fifty. Pop. Sci. Monthly, 50: 796-812. 

Lomparp, W. P., 1887. The variations of normal knee-jerk, and their relation to the activity 
of the central nervous system. Amer. J. Psych., 1: 5-71. 

LomBarp, W. P., 1892. Some of the influences which affect the power of voluntary muscular 
contractions. J. Physiol., 13: 1-58. 

Stewart, Corin C., 1898. Variations in daily activity produced by alcohol and by changes in 
barometric pressure and diet, with a description of recording methods. Amer. J. 
Physiol., 1: 40-56. 

Vivenot, R. v., Jr., 1860. Ueber den Einfluss des veranderten Luftdruckes auf den Menschli- 
chen Organismus. Virchow’s Archiv., 19: 492-522. 





THE LUMINESCENCE OF THE MILLIPEDE, LUMINODESMUS 
SEQUOIAE? 


J. WOODLAND HASTINGS AND DEMOREST DAVENPORT 


Department of Biological Sciences, Northwestern University, Evanston, Illinois and Department 
of Biological Sciences, University of California, Santa Barbara College, Goleta, California 


The millipede Luminodesmus sequoiae was first described by Loomis and 
Davenport (1951). Following this, Davenport, Wootton and Cushing (1952) 
described the biology of the animal and the general nature of its luminescence. 
They found that light emission originates from cells in the deeper layers of the 
integument. The present paper describes a more detailed study of its luminescence. 

The bioluminescent reaction in four different organisms (Cypridina, fireflies, 
bacteria and Gonyaulax) has been studied in recent years (Tsuji, Chase and 
Harvey, 1955; McElroy and Hastings, 1955; McElroy and Green, 1956; Hastings 
and McElroy, 1955; Strehler, 1955; Hastings and Sweeney, 1957). The common 
feature is that the reaction involves an enzymatic oxidation with molecular oxygen. 
Although it was demonstrated by McElroy that adenosine triphosphate is an abso- 
lute requirement for firefly luminescence, its possible role as an energy source in 
the reaction has not been clarified. In bioluminescent reactions in general it is 
assumed that the energy must be derived from the oxidation of a substrate, which 
is usually termed luciferin (¢.g., Cypridina luciferin, firefly luciferin, etc.). None 
of the products of luminescent reactions have been definitely identified and the 
reactants as well as the enzymes are different in all cases studied. Such studies are 
of interest for the general problem of how the living cell transforms chemical 
energy into other forms of energy. 


MATERIALS AND METHODS 


About 1000 animals were collected by a party of five on the nights of May 10 
and 11, 1956, in the vicinity of Camp Nelson, Tulare County, California. The 
animals were abundant and readily visible to the dark-adapted eye by their own 
light on the surface of the ground in the forest. The animals were brought back 
to the laboratory and stored in glass containers with ample humus. Light in- 
tensity was measured with apparatus previously described (Hastings, McElroy and 
Coulombre, 1953), using a photomultiplier tube and automatic graphic recording. 


RESULTS 
1. In vivo luminescence 


Luminescence in Luminodesmus is continuous but fluctuating. The light in- 
tensity (recorded from single animals over long periods up to 24 hours) fluctuates 


1 This study was supported by grants from the National Science Foundation, the Graduate 


School of Northwestern University, and the Research Committee of the University of Cali- 
fornia, Santa Barbara College. 


120 





THE LUMINESCENCE OF LUMINODESMUS 121 


by 20 to 40 per cent (or occasionally more) around a relatively constant mean. 
Since these light intensity changes could be detected with the eye, we are certain 
that they do not result from movements of the animal. A two-hour portion from 
such a recording is reproduced in Figure 1A. It can be seen that there is an 
instance when the light intensity doubled, apparently spontaneously. Such a marked 
increase in light intensity also occurs when the animal is handled. Indeed we found 
that striking the test tube in which the animal was placed would evoke such a re- 
sponse (Fig. 1B). The response still occurred immediately after the animal had 
been decapitated. Upon stimulation of the nerve cord which induced electrical 
shocks no luminescent response was observed which could be attributed to the effect 
of the electrical stimuli. The way in which the luminescent changes are brought 
about in the living animal is not clear. 





Figure 1. Reproductions of recordings of Luminodesmus luminescence. Ordinate, light 
intensity ; abscissa, time, to be read from right to left in both cases. Left: Luminescence of an 
undisturbed animal over a two-hour interval. Time between vertical divisions, 15 minutes. 
Right: Luminescence changes of an animal where the test tube containing the animal was tapped 
lightly at the two instances noted by arrows. Time between vertical divisions, one minute. 


Isolated pieces of the animal retain their luminescence for a long time. The 
intensity decreases gradually to about one half of its original value in 8 hours. 
Although fluctuations in intensity may occur for the first 15 minutes, it is essentially 
a steady luminescence thereafter. An eviscerated specimen from which the first 
few and last few segments are cut off behaves in essentially the same manner. 
Animals removed from humus and kept in a test tube for a day or more also showed 
little fluctuation in intensity. Whether or not this was due to water depletion or 
to starvation was not determined. Preparations with little or no light intensity 
fluctuation were used in the various experiments described below. 


2. Possibility of luminous symbiotic bacteria 


In some organisms luminescence arises from an association with luminous bac- 
teria (see Harvey, 1952). The possibility that this might be the case in Luminodes- 
mus was investigated some years ago by W. D. McElroy and one of us (J. W. H.). 
Whole animals and extracts of animals were put on agar plates containing a variety 
of media. Plates with a range of salt concentrations (0, 1%, 2% and 3% sodium 
chloride) were made up with both glycerol and glucose as carbon sources and 
Bacto Tryptone. No growth of luminescent bacteria occurred on any plate. 
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It may also be noted that the effect of varying oxygen concentration upon the 
luminescence of Luminodesmus (see section 5) indicates that the light is not bac- 
terial in nature. In bacteria (Hastings, 1952; Shapiro, 1934) decreasing the 
oxygen concentration has no effect upon luminescence unless the concentration 
is less than about 0.3%. 


3. Color of the light 


The light emission from Luminodesmus is weak, requiring dark-adaptation on 
the part of the observer to see it. The emission spectrum was determined by 
placing a single animal at the entrance slit of a Bausch and Lomb Grating Mono- 
chromator, and the phototube at the exit slit. A second phototube was placed by 
the entrance slit to monitor any changes in the intensity of the animal during the 
course of the experiment. The entrance and exit slits were both set at 1 mm., which 
gives a dispersion of 12 my with the grating used (15,000 lines per inch). The 
light intensity was measured at the various wave-length settings and then corrected 
for phototube sensitivity and for monochromator efficiency. The corrected values 
are plotted against wave-length in Figure 2, giving the emission spectrum with the 
maximum in the green at 495 my. This spectrum is similar to that of some of the 
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Ficure 2. Emission spectrum of Luminodesmus sequoiae. Ordinate, light intensity in 
arbitrary units, corrected for phototube sensitivity and monochromator efficiency. 
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Ficure 3. (A) Effect of temperature upon luminescence. Ordinate, light intensity in 
arbitrary units. See text for details. (B) Data of Figure 3A plotted according to the 


Arrhenius equation. Ordinate, light intensity in arbitrary units plotted on a log scale; abscissa, 
the reciprocal of absolute temperature. 


luminous bacteria, although the spectrum of bacterial emission may depend upon 
the density of the suspension (Harvey, 1952). 


4. Effect of temperature 


The effect of temperature upon the luminescence was determined using both 
intact organisms and eviscerated specimens. The results were essentially the same 
in both cases. The specimen was held in place in a test tube by a cotton plug. 
Temperatures were adjusted by holding the tube in a water bath, and the tempera- 
tures plotted are those read from a thermometer placed in the tube beside the speci- 
men. The tube was then quickly removed from the bath and placed in front 
of the phototube. 

The data from one experiment with an eviscerated specimen are plotted in 
Figure 3, along with a plot of the data according to the Arrhenius equation. The 
Q,, for the process is 1.95 between 10° and 20°; 1.73 between 15° and 25°; and 
1.55 between 20° and 30°. The sharp decrease in luminescence above the optimum 
of 31.5° is most likely the result of heat denaturation of enzymes. The activation 
energy for the over-all process may be calculated from the slope of the straight line 
drawn in the Arrhenius plot. The value obtained in this case is about 12,000 
calories. 


5. Effect of varying oxygen concentration 


The effect of oxygen concentration upon the luminescence was determined 
quantitatively, using both whole animals and eviscerated specimens. Both gave 
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similar results. Luminescence was greatest in 100% oxygen and progressively 
decreased at lower concentrations, being reversibly extinguished in pure nitrogen, 
as reported by Davenport, Wootton and Cushing (1952). An oxygen concentra- 
tion of about 6.5% decreased the intensity from that in air by about one half. 
The specimen was held in place with cotton in a stoppered 10-ml. test tube, 
with glass tubing to bring the gas mixtures into the test tube. Gas mixtures of the 
desired oxygen concentration were prepared by mixing nitrogen with air or oxygen 
at measured rates, using calibrated flow-meters. The typical effect of lowered 
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Ficure 4. Changes in luminescence with time when a gas mixture containing 4.6% oxygen 
was passed over the animal for four minutes followed by the readmission of air. 


oxygen concentration upon luminescence is shown in Figure 4. The response is 
essentially similar to that found in several other luminous organisms (Hastings, 
1952; Hastings, McElroy and Coulombre, 1953; Hastings and Buck, 1956). 
There is a characteristic “undershooting” when the animal is exposed to a lowered 
oxygen concentration, and an overshoot or excess flash of luminescence, when it 1s 
exposed to a higher concentration. This excess luminescence is greater when a 
lower oxygen concentration is used during the period previous to the time when 
air is readmitted. For example, in the experiment shown in Figure 4, the 
luminescence was about twice the baseline level when air was admitted. With 
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1% oxygen the luminescence was 2.5 times and with 10% oxygen it was 1.5 
times the baseline level. This suggests that the substrate for the luminescent 
reaction (luciferin) is the product of a series of relatively slow reactions. When 
the oxygen concentration is changed the luciferin comes to a new steady-state 
concentration, but only relatively slowly. 

The values for light intensity versus oxygen concentration plotted in Figure 
5 are the steady-state values, measured just previous to the time when the animal 
was returned to air. The data plotted are the results obtained with six different 
specimens. Although there was a variation in the results, the data for any given 
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Figure 5. Effect of oxygen concentration upon the steady-state luminescence of Luminodes- 
mus. Data are taken from experiments such as are illustrated in Figure 4. The luminescence, 
in low or high oxygen just prior to the readmission of air, is expressed as the per cent of the 
steady-state of luminescence in air. 


animal fall along a smooth curve, suggesting a real difference between one animal 
and another, rather than error in the method. The reason for these differences 
could not be ascertained. Neither carbon monoxide nor carbon dioxide when 
added to the gas mixtures in 1% concentrations had any effect upon the shape of 
the curve for a given animal. 


6. Fluorescence 


Luminodesmus is highly fluorescent under ultraviolet light, and it was suggested 
previously (Davenport et al., 1952) that this fluorescent compound might be in- 
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volved in the luminescent reaction. In luminous bacteria, for example, it has been 
demonstrated that reduced flavin mononucleotide (FMNH,) is involved in the 
luminescent reaction, possibly as luciferin (McElroy, Hastings, Sonnenfeld and 
Coulombre, 1953; Strehler, Harvey, Chang and Cormier, 1954). FMN and other 
flavins are highly fluorescent in the oxidized form and are not at all fluorescent in 
the reduced form. Under anaerobic conditions in the intact animal the luciferin 
should be essentially 100% in the reduced state. However, there is absolutely no 
change in the fluorescence of Luminodesmus during anaerobiosis. The possibility 
that the fluorescence of the organism comes from a flavin compound involved in the 
luminescent reaction must therefore be ruled out. 


7. Luminescence in extracts 


Davenport, Wootton and Cushing (1952) reported negative results in all at- 
tempts to restore luminescence in filtered water extracts of Luminodesmus. Using 
sensitive light-measuring equipment, we have repeated their experiments and made 
additional studies with extracts. The most suitable method which we found for 
preparing extracts was to remove the gut from animals and dry them overnight 
in a vacuum desiccator with calcium chloride. The dry animals were then pulver- 
ized to a fine powder by grinding, and extracted with cold acetone. The acetone 
was removed by filtration and the dry powder kept in a vacuum desiccator. The 
powder remained active in this state for a period of at least two weeks. 

When this powder was mixed with water a dim luminescence occurred (visible 
only to the dark-adapted eye), lasting for about 10 minutes, the half time for decay 
being about two minutes. Stirring always resulted in a temporary increase in 
luminescence, suggesting that leaching from particulate matter was taking place. 
Following stirring the light intensity returned to the original level. When such a 
solution was filtered through fine sintered glass (maximum pore size, 5.5 microns), 
the filtrate retained luminescence. Stirring did not affect the intensity of the 
filtrate, indicating that the particles from which leaching was occurring had been 
removed. 

The intensity of luminescence in these extracts was dependent upon the pH of 
the solution, with an optimum at about pH 8.9. The determination was made by 
extracting equal quantities of the powder with 0.05 M trihydroxyaminomethane- 
maleic acid buffer at various pH values and measuring the light intensity of the 
solution. In all experiments described below a buffered extract at pH 8.9 was used, 
and buffered reagents where needed. 

In the classical luciferin-luciferase test a fraction which has been extracted with 
hot water is combined with a cold water extract in which the luminescent reaction 
has been allowed to run to completion. In the hot water extract the enzyme has 
been destroyed, presumably leaving available substrate, or luciferin. In the cold 
water extract the luciferin has all been used up leaving active enzyme, or luciferase. 
The two mixed together should therefore give light, but with Luminodesmus com- 
pletely negative results were obtained. Moreover, neither the hot water extracts 
nor exhausted cold water extracts, when added to a luminescing extract, had any 
effect upon the light intensity. 

Attempts to separate the presumed luciferase and show its activity in the re- 
action were negative. Fractions were obtained by ammonium sulfate precipitation, 
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by alcohol fractionation, and by dialysis. None was active when added either to 
luminescing mixtures or to hot water extracts. 

\ large number of compounds were tested for their ability to modify the light 
intensity in luminescing extracts.2, ATP was found to have appreciable activity. 
ATP added to an extract which was emitting light caused the intensity to increase 
by 10 to 30 per cent. The effect was not due to a pH change since buffered ATP 
solutions were used. It was effective with filtered extracts as well as unfiltered. 
Other pyrophosphate compounds were not tried, so it is possible that the action of 
ATP could be non-specific, similar to the effect of pyrophosphate compounds added 
secondarily to luminescing firefly extracts (McElroy, Hastings, Coulombre and 
Sonnenfeld, 1953). The fact that ATP would not restore luminescence to dark 
extracts indicates such a non-specific role. No restoration of luminescence oc- 
curred even when ATP was added to hot water extracts together with exhausted 
cold water extracts. However, when MgSO, was added following ATP addition, 
there was an additional increase in light intensity, suggesting the possibility of a 
more specific role for ATP. Also, 0.05 M Versene (ethylene diamine tetra acetic 
acid ) was found to depress luminescence, indicating the possibility that the reaction 
is activated by a metal ion. All of the coenzymes listed in footnote 2 were tested 
in combination with ATP. None was found to have any stimulatory effect, al- 
though FMN and riboflavin slightly depressed luminescence. 

The results give little clue as to the nature of the reaction. If a luciferin type 
compound is involved in a classical oxidative reaction, possibly in combination with 
ATP, then the luciferin must be highly unstable. In fact, such a highly unstable 
and heat-labile luciferin could account for the results we have obtained. The in- 
hibition by flavins might mean that some flavin compound is involved in the reaction, 
although we would not expect a flavin to be particularly unstable. 


SUMMARY 


1. The luminescence of Luminodesmus is continuous, but fluctuates by 20 to 40 
per cent or more. The mechanism by which light emission is controlled is not 
known. No evidence was found for the suggestion that the light is bacterial in 
origin. 

2. The luminescence is green with a maximum emission at 495 mp and is 
optimal at a temperature of 31.5° C. Light emission is greatest in pure oxygen 
and extinguished in pure nitrogen. An oxygen concentration of 6.5% decreased 
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the intensity from that in air by about one half. 

3. Luminescence in water extracts of dried acetone powders has been demon- 
strated. 

4. We have not been able to restore luminescence to dark extracts either by the 
classical luciferin-luciferase technique or by adding a variety of biochemical inter- 


2 Substances tested for activity, either singly or in combination, were: adenosine triphos- 
phate (ATP), MgSO,, riboflavin, flavin mononucleotide (FMN), flavin adenine dinucleotide, 
oxidized and reduced diphosphopyridine nucleotide, oxidized and reduced triphosphopyridine 
nucleotide, coenzyme A, beef heart extract (Armour), yeast concentrate (Sigma), liver con- 
centrate (Sigma), do-decyl aldehyde, ethyl alcohol, glycerol, glucose, glucose-1-phosphate, 
thiomalate, thiooctate, glutathione, cystine, cysteine, KCN, sodium arsenite, iodoacetate, sodium 
fluoride, sodium azide, p chloro-mercuro-henzoate, naphthoquinone, quinhydrone, hydroquinone, 
quinone, firefly extracts, NaCl, Na,HPO., KH.PO, and MnSQ,,. 
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mediates. We have found that if adenosine triphosphate is added to extracts while 
they are luminescing an increase in light intensity occurs. 
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The search for chemical substances which might have a retarding effect on 
the growth of tumors has led along many paths. All sorts of substances have been 
tried. Those investigators who have theorized at all have for the most part 
thought in terms of some block of metabolic activity. Our own program has 
sought to discover relatively non-toxic antimitotic substances of natural origin, and 
in the search for such substances we have based our attack on what we believe to 
be a proper theory for the initiation and suppression of mitosis. Such a theory is 
discussed in some detail in a recent book (Heilbrunn, 1956). It holds that the 
mitotic spindle results from a gelation of the protoplasm, the mitotic gelation. Vari- 
ous substances can prevent this gelation by keeping protoplasm fluid. And _ be- 
cause the most usual type of protoplasmic gelation and the type involved in the 
mitotic gelation is a clotting similar to the clotting of blood, it is our belief that 
anticlotting agents such as heparin or similar substances can prevent cell division. 
This indeed they do. The protoplasmic colloid contains substances which favor 
clotting and those which tend to prevent it. We have made extracts from various 
tissues and have found that ovaries are especially rich in anticlotting agents. These 
appear to resemble heparin and to be mucopolysaccharides. This work (Heil- 
brunn, Wilson and Harding, 1951; Heilbrunn, Chaet, Dunn and Wilson, 1954; 
Heilbrunn and Wilson, 1956) showed that the ovaries of various invertebrates and 
fishes do actually contain antimitotic substances which prevent the mitotic gelation 
and suppress cell division. In the search for some substance or substances which 
might eventually prove to have clinical value, we have recently investigated the 
ovaries of mammals and especially large mammals. In what follows, we will at- 
tempt to show first that extracts of mammalian ovaries do have antimitotic action, 
an action which is associated with a liquefying or anticlotting effect on the proto- 
plasm ; and second that such extracts may possess carcinostatic activity. 


MATERIALS AND METHODS 


In studying antimitotic activity, the most favorable test objects and the easiest 
to work with are the eggs of various marine invertebrates. Eggs such as sea urchin 
eggs or those of the marine worm Chaetopterus divide synchronously following 
fertilization. These eggs can be obtained in large quantity and they represent a 
surprisingly constant material. In previous studies on Chaetopterus eggs, we have 
described the simple techniques required (Heilbrunn and Wilson, 1948). Most of 

‘This investigation was supported by research grants from the National Cancer Institute 
and the American Cancer Society. 
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our work was done on Chaetopterus eggs. One experiment was done on eggs of 
the clam Spisula. The technique required for the use of this egg has been described 
by Allen (1953). All of our experiments were done at a controlled temperature 
of 21° C. Two minutes after insemination the eggs were placed in the solutions 
to be tested. 


Crude extracts were prepared by cutting the ovaries into thin slices and im- 
mersing these slices in solutions of acidified sea water at a pH of approximately 


4.8. For each gram of tissue, one ml. of sea water was used. After extraction the 
extract was brought to the pH of sea water by the addition of NaOH. In a few 
cases the ovaries were homogenized before extraction, but this seemed to produce 
less favorable results in our antimitotic studies. The acidification of the sea water 
used in extraction was apparently not necessary and potent antimitotic extracts 
could be obtained over a wide range of pH values. 

The Chaetopterus egg has a very fluid protoplasm which stiffens markedly 
before the formation of the mitotic spindle. There is indeed a two-fold increase 
in the viscosity of the protoplasm and this can readily be followed with the 
centrifuge method described in earlier studies. With a simple hand centrifuge, 
turned so as to give a force approximately 2250 times gravity, for some time after 
fertilization it requires only 7 seconds to move granules through the protoplasm 
of the Chaetopterus egg to such an extent as to give the appearance of zones. The 
number 7 is taken as a relative value for the viscosity of the protoplasm ; actually 
it probably represents about twice the value of the viscosity in centipoises. At 
approximately 30 minutes after fertilization, 14 seconds of exposure to a force 
2250 times gravity is necessary to produce the appearance of zones in the proto- 
plasm. In studying the antimitotic and the anticlotting action of our extracts we 
determine the percentages of cleavage following exposure to various dilutions, and 
we also determined the effect of the extracts on the viscosity of the protoplasm at 
the time when the normal control eggs showed increased viscosity. These tests 
had to be made rapidly, for the duration of the mitotic gelation is short. 

Crude extracts prepared in the way we have indicated are very potent anti- 
clotting and antimitotic agents, as our results will show, but generally speaking they 
are not very effective as carcinostatic agents. Indeed these extracts contain not 
only substances which tend to prevent protoplasmic clotting, they also contain sub- 
stances which have exactly the opposite effect. Thus, although in one case we did 
obtain a definite carcinostatic effect with such crude extracts, for the most part we 
were not successful, and indeed in some instances the survival time of cancerous 
mice treated with crude extracts was decreased rather than increased. Hence we 
were led to try and find methods of extraction which would give us preparations 
of as high a carcinostatic action as possible with a minimum of toxicity or adverse 
action. 

For many months, we had little or no success. Then we hit on a method of 
fractional alcoholic precipitation, and this has now provided us with extracts which 
possess a definite carcinostatic action. This was perhaps to be expected, for in 
studying the antimitotic action of extracts of starfish ovaries, we found that the 
potent substance could be precipitated by alcohol (Heilbrunn, Wilson and Harding, 
1951). 

The procedure we finally adopted was the following: Cow ovaries, fresh from 
the slaughter-house, were ground up in a meat grinder and were then extracted 
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in a solution containing 0.9% sodium chloride and 0.125% sodium bicarbonate. 
For each gram of ovarian material, 2 ml. of solution were used. The extraction 
was carried out in a cold room at 5° C. with constant stirring, and was continued 
for 16-18 hours. After the extract was strained through cheesecloth, it was 
centrifuged at 2000 rpm in a refrigerated centrifuge. The supernatant was then 
centrifuged in a Spinco centrifuge at 16,000 rpm (20,000 g) for an hour. The 
resultant supernatant was then precipitated by various concentrations of alcohol 
at approximately 0° C. Following each precipitation by a given percentage of 
alcohol, the supernatant was decanted. The precipitates were then lyophyllized. 
Our final product represented only a small fraction of the original ovarian material. 
Thus typically by precipitation with 45-60% ethanol we obtained about 10 mg. from 
a kilogram of ovaries. 

In studying carcinostatic action, we used Swiss white mice. These were in- 
oculated routinely with 1,500,000 Ehrlich ascites tumor cells in a volume of one 
ml. of ascitic fluid. Then 24 hours after inoculation, treatment with the extracts 
was begun. Each day for five days, each one of the mice to be treated was injected 
with a solution containing 15 mg. of the material. In general the 15 mg. were dis- 
solved in 0.5 ml. of saline solution. Details of our technique and growth studies of 
our particular tumor will be published in a paper to be written by two of us 
(Tosteson and Davidson). 

RESULTS 

In the summer of 1955, we tested the effect of crude extracts of mammalian 
ovaries on cell division in the Chaetopterus egg. These extracts in every case 
stopped cell division. They also prevented the mitotic gelation. Our results are 
shown in Table I. In most cases the viscosity of the protoplasm at 30-40 minutes 
after fertilization is given as “less than 8.” It may have been decidedly less than 
8, but in the short space of time available for these measurements it was not possible 
to make enough tests to be sure of an exact value. However, the fact that the 
viscosity was less than 8 is a sure indication that the mitotic gelation has been 
suppressed, for during this gelation, the viscosity rises to a value of 14. 

In addition to the data presented in the table, we have results from a few 
additional experiments; these results are entirely consistent with those shown in 
the table. In most of these other experiments, we attempted to improve the 
potency of the extracts by purifying them, but in every case the crude extracts 
prepared as described in the previous section were superior to the “purified” prod- 
uct. We also tried modifying our extraction procedures. In the results reported 
in the table, the extractions were made at a pH of 4.8, but we also tried extracting 
the ovarian material at pH’s of 2.25, 3.90, 6.15, 7.1, and 10.0. All of the extracts 
prepared at these different pH’s were likewise effective. Heating the extracts did 
not seem to have a very harmful effect, although our results were somewhat variable 
and minor differences in procedure seemed to be important. In one experiment 
an extract kept at 100° C. for three hours was still highly potent. In other ex- 
periments, exposure to 100° C. for shorter periods caused some loss in potency. 
Extracts made in distilled water and then lyophyllized were not effective. When 
the ovaries were homogenized before being extracted, the results were less favorable. 


Homogenization seemed to favor the release of thromboplastic substances into the 
extraction medium. 
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Although during the summer of 1955, we were never able to obtain any degree 
of successful purification of our extracts, in the following winter one of us (R. J. 
Rutman) hit upon the plan of precipitation with various concentrations of alcohol. 
Some of the precipitates obtained in this way when dissolved in saline solution had 
a very definite carcinostatic action, and we determined therefore to test the anti- 


mitotic action of these precipitates. Chaetopterus eggs (at Woods Hole) are only 
available during the summer months, so that we had to wait until the summer of 
1956 before making our tests. 

In making these tests, we had some difficulty, for the precipitates dissolved 
scarcely at all in the sea water in which we had to use them. However what tests 
we were able to make with the limited amount of material we had at our disposal 
indicated that only those precipitates obtained with intermediate concentrations of 
alcohol were effective. We had three fractions, of which A represented the pre- 
cipitate obtained from cow ovary extracts with 0-45% alcohol, B the precipitate 
obtained with 45-60% alcohol, and C the precipitate with 60-80% alcohol. Of 
these three fractions, neither A nor C was very soluble. Fraction B seemed to go 
into solution, but when the solution was looked at under the microscope it was seen 
to have a large number of small solid particles suspended in it. We did several 
experiments with this fraction B. In one of these experiments, 5 mg. were dis- 
solved in one ml. of sea water and then this solution was diluted so that the resultant 
dilutions contained 2.5 mg. per ml. of sea water and 1.25 mg. per ml. of sea water, 
respectively. All three of these solutions prevented the mitotic gelation and in all 
of them the fluidity of the protoplasm of the Chaetopterus eggs was maintained. 
In the most concentrated solution only 29% of the eggs cleaved, in the middle con- 
centration 19%, and in the most dilute of the three solutions, 26% of the eggs 
cleaved. In the control 90% of the eggs cleaved. These counts were made 30 
minutes or more after 50% of the control eggs had cleaved. The fact that the 


TABLE | 


Effect of ovarian extracts on the mitotic gelation and on cleavage 
of the eggs of Chaetopterus 


: Juratior , 
Source of Duration of Viscosity at . % cleavage 
cleavage } 


extraction in tio Te 
material oo 30-40 min in control 
minutes 


Cow 30 4 98 
Cow 60 4 98 
Cow 120 less than 8 100 
Cow 120 less than 8 100 
Cow 120 about 8 100 
Cow 120 about 8 : 100 
Cow 60 less than 8 99 
Cow 60 5 99 
Cow 60 5 99 
Cow 120 less than 99 
Cow 120 less than 100 
Pig 155 less than 99 
Lamb 105 less than 99 





* Ovarian capsules. 
** Corpora lutea 





ACTION OF OVARIAN EXTRACTS 


ACTIVITY OF COLD ALCOHOL PRECIPITATES 
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Figure 1. Activity of cold alcohol precipitates of aqueous extracts 
of ovarian tissue (cow). 


various concentrations of material all acted in essentially the same way indicates 
that the material was only slightly soluble so that the actual concentration in true 
solution was the same in all three cases. In the very few experiments that we 
did with fractions A and C, these were without effect, perhaps because their 
solubility was extremely low. 

[In addition, the material of fraction B was tried on the eggs of the clam Spisula, 
and in this case also the material exerted an antimitotic effect. Concentrations of 
2.5 mg. per ml., 1.25 mg. per ml. and 0.625 mg. per ml. showed strong antimitotic 
action, the cleavage being reduced from a control value of 97% to values of 31% 
for what presumably was the more concentrated solution, 39% for the intermediate 
concentration, and 40% for the weakest concentration. 

Thus in spite of the fact that the material was soluble only slightly, the fraction 
obtained by precipitation with 45-60% alcohol did actually exert an antimitotic 
action, and in the case of Chaetopterus eggs this action was associated with a pre- 
vention of the mitotic gelation. No attempt was made to study the effect of 
fraction B on the mitotic gelation in the Spisula egg, for as yet the cycle of 
viscosity changes in the Spisula egg has not yet been worked out with sufficient 
thoroughness. 

Clearly, our results with marine eggs indicate that fractionation of the crude 
cow ovary extracts by alcoholic precipitation can preserve the antimitotic and anti- 
gelating action. 

Let us consider now the carcinostatic action of these alcoholic precipitates ob- 
tained from extracts of cow ovaries. Up until the present, we have accumulated a 
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large body of data. Indeed we have experimented with well over 4,000 mice. 
Our results show that the precipitates obtained by treating cow ovary extracts with 
intermediate concentrations of alcohol can cause survival of some 15-25% of mice 
previously inoculated with a lethal tumor, a tumor which regularly kills 100% 
of all mice properly inoculated with it. 

Figure | illustrates the fact that treatment with intermediate concentrations 
of alcohol in the cold can produce precipitates which have a carcinostatic action. 
This figure gives the results obtained with five different extracts and is based on 
experiments with about 2,000 mice. Further details of these experiments will be 
presented in another paper soon to be prepared by several members of our group 
(Tosteson, Davidson and Rutman). Since the data for the table were collected 
we have obtained additional confirmatory data. Also we have been experimenting 
with various other types of extraction media and with other types of fractionation. 
Preliminary results lead us to the hope that extracts and fractions can be obtained 
which will cause a higher percentage of survival than we have been able to obtain 
with the extracts described in this paper. 


DISCUSSION 


Our work has been based on the idea that the protoplasm of all cells is much 
alike both chemically and physically, that inasmuch as the process of mitosis is 
much the same throughout the animal kingdom, the forces and agents which initiate 
cell division and those which suppress cell division are also much the same. On 
the basis of this pattern of thought, and on the basis also of many experiments on 


the initiation and suppression of mitosis (see Heilbrunn, 1956), we have been able 
to develop a new type of carcinostatic agent. At present this agent is at least as 
potent for our Ehrlich ascites tumors as other long-studied agents. It is our hope 
that the type of agent we are using can be perfected to give even better results. 
This will require much additional work. 


SUMMARY 


Extracts of the ovaries of cows, pigs and sheep can suppress mitosis in eggs 
of the worm Chaetopterus. This they do by keeping the protoplasm fluid and in- 
hibiting the mitotic gelation which is a necessary precursor of the mitotic spindle. 
The potent substance or substances in extracts of cow ovaries can be precipitated 
by treating the extracts in the cold with intermediate concentrations of alcohol. 
Such purified preparations have a definite antimitotic effect and they also have a 
very definite carcinostatic action. 
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CARDIAC PHYSIOLOGY OF THE SCORPION PALAMNAEUS 
BENGALENSIS C. KOCH * 


M. S. KANUNGO ? 


Department of Zoology, Ravenshaw College, Cuttack, India 


The nature of heart-beat among arthropods has been studied by several workers 
(Prosser, 1942; Needham, 1950; Krijgsman, 1952). It has been observed in 
Crustacea and Insecta that the origin of heart-beat in each class is of varied types 
and has no relationship with the taxonomic classification. Among the arachnids, 
Limulus has a myogenic heart-beat in the young which becomes neurogenic in the 
adult (Prosser, 1942; Krijgsman, 1952) and the heart-beat of spiders is neurogenic 
(Rijilant, 1933). Even though Police (1902) indicated the presence of an epi- 
cardiac nerve on the heart of scorpion, the heart-beat of the scorpion, Palamnaeus 
bengalensis has been reported by Kanungo (1955) to be myogenic. It is of interest 
to find that, also in Arachnida as in Crustacea and Insecta, the nature of heart-beat 
is not of a single type. The hearts of arachnids are poorly understood and the 
present work is a detailed study of the physiology and pharmacology of the heart 
of Palamnaeus bengalensis. 


MATERIALS AND METHODS 


Scorpions freshly collected from their natural habitat (Lal and Kanungo, 1953) 
were used for these experiments. They were lightly chloroformed and immediately 
dissected in a saline containing sodium chloride, 0.65 gm.; potassium chloride, 0.03 
gm., and calcium chloride, 0.03 gm. ; in 100 ml. of distilled water. The saline, which 
was prepared fresh before the experiments, was maintained at pH 6.3 using phos- 
phate buffer, as the haemolymph of the scorpion was found to be on the acid side 
of neutrality in agreement with Maluf’s (1939) statement. The heart was exposed 
fully in situ by carefully cutting the terga at the sides and removing them. Isolated 
heart preparations were made in petri dishes containing the saline. Effect of pH, 
temperature and drugs on the heart-beat were observed on hearts both in situ and 
isolated. Nearly 150 heart preparations have been made for various drug experi- 
ments. 


ANATOMY OF THE HEART 


Like that of Buthus (Parker and Haswell, 1940), the heart of P. bengalensis 
is eight-chambered, spongy and muscular. It is enclosed in a pericardium and is 
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held in its position between the two lobes of the liver by eight pairs of alary 
muscles. It is 2.5 cm. long in a medium-sized scorpion with a body length of ap- 
proximately 5 cm. A thin-walled anterior aorta arising from the heart bifurcates 
on the oesophagus. A thin-walled posterior aorta proceeds to the tail. 


GENERAL PROPERTIES OF THE HEART-BEAT 


Hearts both in situ and isolated showed a high degree of automaticity ; contrac- 
tions occurred simultaneously throughout the myocardium and following one an- 
other in a regular uninterrupted sequence rhythmically. Simultaneous contraction 
of the scorpion heart had been reported earlier (Du Buisson, 1925). When first 
isolated, the rate of beat of the heart was irregular and slow, but it became normal 
after about 5 minutes, and showed a little acceleration in the rate of beat as com- 
pared with that of hearts im situ. The rate of beat of intact hearts was 50—54/ 
minute at room temperature (25-27° C.). Cutting of the alary muscles in situ 
resulted in a slight increase of the rate to 56-62/minute, which was the same as that 
of isolated hearts. It appears, therefore, that even though the property of automatic 
movement lies in the muscles of the heart itself, the regulation of the rate of beat 
is effected by alary muscles. The rate of isolated heart preparations remained 
normal for 10-12 hours after which it decreased and the amplitude fell gradually. 
Mechanical stimuli like shaking the saline or pressing the heart with a needle 
temporarily inhibited the heart-beat. After 2-4 minutes, an acceleration in the 
rate was observed. Excised pieces of the heart beat for about 4-5 minutes. In 
all preparations, the anterior end stopped first and the posterior end later, sug- 
gesting that the pace-maker of the heart is situated at the latter end. 


CourRsE OF CIRCULATION 


As stated above, isolated hearts beat with the anterior and posterior ends con- 
tracting and relaxing simultaneously. During diastole the heart shortens in length 
and bulges and the haemolymph flows in through the paired ostia. During systole, 
the heart extends lengthwise, the ostial valves close and the haemolymph is ex- 
pelled at both the ends. A freshly isolated heart was placed in a dry watch glass 
in such a manner that the two ends were at a higher level than the middle region. 
A drop of neutral red was put at the center of the watch glass. The heart con- 
tinued to beat and neutral red was seen flowing out at both the ends. 


EFFECT OF TEMPERATURE 


Isolated hearts in petri dishes containing the saline were kept at different tem- 
peratures in an incubator and their rates were noted. An upper limiting rate of 
80-85/minute was observed at 42° C., above which beating ceased permanently. 
The lower limiting rate on cooling was 4-5/minute at 5° C. Below this tempera- 
ture the heart ceased beating but recovered when the temperature was increased. 


EFFECT oF PH 


Separate stocks of the same saline solution were prepared by buffering with 
phosphate buffer between pH 5.5 and pH 7.5 and the hearts were kept in these 
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salines. The heart remained active between pH 6.1 and pH 6.5. With increase 
or decrease of the pH of the saline beyond this range, depression of the heart rate 


occurred. 
EFFECTS OF DrucGs 


Fresh dilutions of 10-*, 10-*, 5 x 10°*, 10°°, 5 x 10°°, and 10°° of various drugs 
were made in the saline before each set of experiments. Both intact and isolated 
hearts were bathed side by side with one of the diluted drugs to compare their 
effects on the heart-beat in isolated and in situ preparations. No difference between 
isolated and intact hearts was observed. Mechanical shock to the heart was 
avoided as far as possible. The drug was sucked out with a pipette, the heart 
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Figure 1. Effect of acetylcholine on the heart of P. bengalensis. 
Ach., acetylcholine; Sal., saline. 


washed with the saline three times and the fresh drug added slowly. Recordings 
of the heart rate were made following the methods of Jones (1954). Three re- 
cordings, one minute each in length, were made one minute after adding the drug. 

Acetylcholine more dilute than 5 x 10° had no effect on the heart rate. Con- 
centrations of 5 x 10° or stronger depressed the heart rate; the time taken for 
depression was inversely proportional to the concentration of the drug (Fig. 1). 
There was a gradual weakening of the strength of beat, reduction in the amplitude, 
rest-pauses and sporadic irregularities in 5 x 10° or stronger concentrations. In 
no case was there any acceleration before the depression. Neither did the beat 
recover if the heart was left in the drug. However, all such hearts recovered after 
they were washed with the saline, but the normal rate of beat was never reached. 
Some hearts showed tolerance to the drug up to 10% after prior treatment with 
more dilute solutions and gradually increasing concentrations (Fig. 2D). 
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Figure 2. Effects of various drugs on the heart of P. bengalensis. Ach., acetylcholine; Adr., 
adrenaline; Atr., atropine; Hist., histamine; Physo., physostigmine; Sal., saline. 


Physostigmine at 10°* or stronger did not by itself show any appreciable effect 
on the heart rate. However, application of acetylcholine to the heart, after treat- 
ment with physostigmine, potentiated the effect of acetylcholine (Fig. 2E). 

Histamine at 10-* or stronger accelerated the heart rate to a maximum of 85 
minute and this effect was reversible on washing with the saline. The time taken 
for the heart to reach the maximal rate in different dilutions was directly pro- 
portional to the dilutions of the drug. It antagonized acetylcholine action, and 
hearts collapsing under the treatment with acetylcholine could be revived by this 
drug. Such hearts also beat at 85/minute (Fig. 2F). 

Adrenaline at 10°° or stronger accelerated the heart rate to about 75/minute 
and this effect was reversible. 


TABLE | 


Comparison of the effects of drugs on the hearts of Limulus and P. bengalensis 


Physostig 
Atropine Adrenaline her Histamine : 


mine 
* 


Limulus 


> 3 } 
P.. bengalensis 


+, excitation; —, inhibition; 0, no effect 


* Krijgsman, 1952 
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Atropine at 5 X 10° or stronger inhibited the heart rate reversibly. 

Half-saturated and fully-saturated aqueous solutions of ether had no observed 
effect on the heart-beat. 

Chloroform had no observed effect on the heart-beat. 

It was found in all the cases that the drug-treated hearts recovered after wash- 
ing with the saline. A quicker recovery of the heart was attained by using warm 
saline which was added slowly to the heart container. The time taken for such 
recovery varied from five to fifteen minutes. 

Table I gives comparatively the effects of various drugs on the hearts of 
Limulus and P. bengalensis. Even though Table I does not indicate the effect of 
ether on the neurogenic heart of Limulus, it may be mentioned here that ether in- 
hibits neurogenic hearts in low concentrations (Needham, 1950). 


HAEMOLYMPH PRESSURE 


Bleeding occurred when incisions were made at pedipalpi, abdomen and tail 
regions; this indicates positive haemolymph pressure throughout the body. By 
inserting capillaries in continuation with U-tubes, actual pressure was found to be 
6 mm. of saline at the pedipalpi and at the abdomen. 


DISCUSSION 


The pharmacology of the scorpion heart resembles that of the crustacean, 
Daphnia (Baylor, 1942) and the vertebrates, and has no resemblance to that of 
Limulus. According to Prosser et al. (1950), the hearts of arthropods are of non- 
innervated myogenic, innervated myogenic and neurogenic types, which description 
is based mainly on acetylcholine effect. Needham (1950) classified the crustacean 
hearts into two categories, myogenic and neurogenic, by taking several factors into 
consideration. The heart of P. bengalensis in showing (1) autonomous rhythmicity 
with contractions developing simultaneously throughout the myocardium, (2) in- 
sensitiveness to ether, and (3) inhibition by acetylcholine indicates that the nature 
of its beat or that of its pacemaker is innervated myogenic. The epicardiac nerve 
reported by Police (1902) appears to be either extrinsic or regulating in function. 


SUMMARY 


1. The heart of P. bengalensis beats continuously at a rate of 50-62/minute 
at a temperature of 26° C. The contraction is developed simultaneously through- 
out the muscle. 

2. Acetylcholine and atropine depress the heart-beat and their actions are re- 
versible. Physostigmine potentiates the effect of acetylcholine. 

3. Ether and chloroform have no effect on the heart-beat. 

4. Histamine and adrenaline accelerate the heart-beat and their effects are 
reversible on washing with saline. 


5. The haemolymph pressure is 6 mm. of saline. 
6. It is concluded that the pace-maker of the heart of P. bengalensis is of the 
innervated myogenic type. 
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The recent discovery in the arid north-west of South Australia of a new species 
of the hitherto monotypic genus, Epicoccus, afforded an opportunity to examine the 
cuticle of a drought-resistant pseudococcid. Members of the Pseudococcidae are 
normally confined to microhabitats where they are surrounded by humid equable 
conditions, and it was anticipated that considerable modification of cuticular struc- 
ture would be shown by a species which has evolved in an area where it is fully 
exposed to the desiccating effects of high temperatures, low relative humidities, and 
drying winds. The extent of such modification, if any, could be gaged only after 
the cuticle had been compared with that of a typical form, of which, however, there 
appears to be no published account. A study of the cosmopolitan long-tailed mealy 
bug, Pseudococcus adonidum L., was therefore undertaken as a preliminary step 
in the investigation. Finally, the cuticle of the one described species of Epicoccus, 
E. acactae (Maskell) was examined to ascertain whether any major differences in 
cuticular structure occur within the genus. 

The terminology is in accord with the scheme which I recently outlined (Lower, 
1956). 


MATERIALS AND METHODS 


Specimens of P. adonidum were obtained locally from a heavily-infested plant 
of Daphne odora. Those of Epicoccus sp., were collected from Acacia aneura F. 
Muell., at Yudnapinna in the north-west of South Australia while those of E. 
acaciae came from the coastal strip of Western Australia, the only area in which the 
species is known to exist. 

The insects were first killed with cyanide, and free-hand sections of some of each 
species at once stained with Sudan black B. The remainder, after fixation in 
Sanfelice’s fluid, were embedded, part in a water-soluble wax and part in paraffin. 
Sections cut from these were similarly stained. Comparison showed that there was 
no observable loss of cuticular lipoid when paraffin was used as the embedding 
medium. All work was therefore done using paraffin sections cut at 4 and 1 gp, 
except that when the external wax of Pseudococcus was being investigated, sections 
prepared by the first two methods were used. 

The histochemical tests and techniques applied have been described elsewhere 
(Lower, 1957a). 


I. THe CuTIcLe or PSEUDOCOCCUS ADONIDUM L. 


The cuticle (Fig. 1) is thin, measuring in most parts between 6 » and 8 yw; only 
exceptionally does it attain a thickness of 10 ». Its structure is relatively un- 
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specialized and except for the brown outer layer of the epicuticle it is unpigmented. 
Pore canals, if present, could not be observed with the light microscope either under 
bright-field or phase-contrast conditions. A thick layer of wax (discussed later ) 
covers the cuticular surface. 


Figure 1. P. adonidum: Cuticle. A. Part of cuticle adjoining glandular duct. B. Gen- 
eral cuticle. c, cuticulin layer; en, endocuticle; Ep, epicuticle; GR, gland reservoir; P, paraffin 


layer; S, spinule; SS, secretory sheath; W, surface wax layer; WIC, wax-impregnated cuticle. 


A. The Epicuticle 


The epicuticle (Fig. 1B) is two-layered and has a total thickness of about 1 4, 
of which the inner layer constitutes the greater part. 

The inner or cuticulin layer is colorless and transparent. It responds positively 
to the Millon, xanthoproteic and biuret tests, is non-argentaffin, and is unaffected 
by either Sudan black B or Nile blue sulfate. It is stained red by the routine stain 
and pink by Sevki’s diluted Giemsa technique, but it cannot be stained either by 
Mallory’s PTAH or any of the iron haematoxylins. Schmorl’s test shows the ab- 
sence of reducing substances. It is soluble in warm concentrated solutions of 
potassium hydroxide or hydrochloric acid. Its location and general chemical re- 
actions indicate that it is probably homologous with the cuticulin layer of Rhodnius 
(Wigglesworth, 1947). 

The thinner outer layer is brown-pigmented. The color is difficult to discharge, 
sections requiring about a week's immersion in 10% hydrogen peroxide to effect 
this. The strong positive response to Schmorl’s test, together with the non- 
argentaffin nature of the layer, suggests that the coloring matter is a lipofuscin. 
The layer responds to none of the protein tests. It is blackened by Sudan black B, 
and stained deep blue by Cain's Nile blue sulfate technique. Prolonged differentia- 


tion during the latter process removes much of the blue without any red appearing 
so that acidic lipoid only appears to be present. It is stained black by iron haema- 
toxylins and deep violet by Mallory’s PTAH. It is resistant to concentrated so- 
lutions of potassium hydroxide and hydrochloric acid but fuming nitric acid or 
aqua regia, when gently warmed, attacks some of its constituents and liberates a 


material which is practically instantaneously soluble in cyclohexane and is quickly 
and easily stained by any of the fat stains. Its anatomical position and general 
chemical behavior indicate that the layer is a paraffin epicuticle (Dennell and 
Malek, 1955). It differs from the corresponding layer in Sarcophaga (Dennell, 
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1946) by being non-argentaffin, in giving no response to the xanthoproteic reaction, 
and in its content of lipofuscin pigment. 


B. The Procuticle 


Practically the whole of the procuticle is present as endocuticle. With the ex- 
ception of the spinules mentioned below, no exocuticle occurs, while the mesocuticle 
is confined to the alveoli of the spinules and the small convex circular patches (ap- 
pearing crescentic in transverse section) where muscles are inserted in the cuticle. 

Scattered over the cuticular surface are weakly-sclerotized, colorless spinules 
(Fig. 1B), each secreted by a trichogenic cell which is much larger and more 
granular than the adjacent hypodermal cells. A cytoplasmic process from each 
trichogenic cell, after passing through the cuticle, attenuates and forms a core to the 
spinule for its basal two-thirds. Both spinules and alveoli are feebly argentaffin and 
are stained by the routine stain, the former a very pale pink and the latter red. 

The endocuticle is laminated and closely resembles that found in other insects 
with soft cuticles. Its principal constituent is the normal chitin-protein complex. 


IT. THe CuTICcLeE oF EpiIcoccus sp. 


To comprehend the structure of the cuticle of Epicoccus, some knowledge of its 
mode of development is essential. 

At the end of a short period of wandering, the second female nymphal instar 
assumes a permanent position on a twig, petiole, or leaf, moults, and enters her 


third and final stadium. Rapid development of the cuticle now begins. The cells 
of the dorsal hypodermis hypertrophy and their secretory activity correspondingly 
increases. This gives rise to enormous allometric growth of the dorsal cuticle 
as two lobes, one along either side, whose inner surfaces are in close contact with 
the bark of the host. Posteriorly these do not clasp the stem but grow round until 
their margins meet enclosing a small orifice (Fig. 3). While these changes have 
been in progress, glands located along the parts of the lobes contiguous with the 
bark have been pouring out large quantities of wax, not unlike bees-wax in colour 
and texture, which cements the insect firmly to the surface of the stem. Mean- 
while, its ventral surface has moved outwards away from the bark, the space so 
formed constituting a brood chamber (Figs. 2 and 3) whose only means of com- 
munication with the exterior is through the pore between the adpressed posterior 
tips of the lobes. As a result of these changes, the greater part of the cuticle, and 
the only part visible when the insect is in situ, consists of the large thickened dorsum. 
The remaining much-smaller enclosed region comprises the small thin sternal 
cuticle and the relatively-minute, degenerate pleural regions. The whole develop- 
ment resembles much more closely that of a coccid than that of a pseudococcid. 
The thickened dorsum, deeply infolded to expose the least possible area to the 
atmosphere, the enclosure of the entire thin part of the cuticle, and the spiracles 
opening into the brood chamber, all appear to be adaptations to minimize water loss. 

The fully-developed female (Fig. 4) has an average length of about 3 mm. and 
is somewhat less than this in width. Transverse sections display a great variety 
of contour, the only consistent feature being their distorted U-shaped outline. Al- 
though an occasional isolated female may be almost bilaterally symmetrical, the 
normal condition, brought about by the gregarious mode of life, is for one or the 
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Figure 2. Epicoccus sp. Transverse section showing spatial relation between insect and 


host. BC, brood chamber; D, dorsal cuticle; H, host; P, pleural cuticle; V, ventral cuticle; 
W, cementing wax. 


Pp 


Figure 3. Epicoccus sp. Fully developed and immature third female instars. Ventral 
aspect showing brood chamber and posterior pore. D, dorsal cuticle; Pp, posterior pore; V, 
ventral cuticle; W, cementing wax. 
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Ficure 4. Epicoccus sp., in situ. Photograph courtesy of Helen M. Brookes. The fe- 
males are invariably so oriented that the rounded cephalic end is directed towards the host's 
region of growth. Part of the cementing wax is visible on the second insect from the top. 
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other lateral lobe to be more developed than its fellow. Which of these is the 
larger is determined by the proximity of neighboring females, leaf petioles or similar 
obstructions, and the natural asperities of the bark encountered during growth. 
Figure 2 was drawn from a section selected, not because it was typical, but because 
it clearly displayed the spatial relation between insect and host. 

The mouthparts excepted, the only regions of the body capable even of limited 
movement are the pleura and the ventral abdominal surface, both of which are 
subordinate to the functions of oviposition and defaecation. 

The cuticle exhibits great diversity of thickness, structure and composition. 
For descriptive purposes, four major types are here recognized: the respective 
cuticles of the dorsum, the venter, the pleura, and the intersegmental membranes. 
The latter are restricted to the enclosed ventral surface; externally, they are sup- 
pressed by fusion of the segments and are represented only by sutures. 


1. The Dorsal Cuticle 


Relative to the size of the insect, the dorsal cuticle is massive, ranging in thick- 
ness from a minimum of 30 » near its junction with the pleura (Figs. 5 and 6A) 
to some 40 » in the remainder (Fig. 6C). Maximum thickness is attained in 
small localized patches where muscles, particularly those in the abdomen associated 
with the organs of oviposition, are inserted. In such areas thickenings of 70 » 
or more are not uncommon (Fig. 6B). It exhibits a general uniformity of struc- 
ture throughout, consisting of a two-layered epicuticle overlying the procuticle. 
It is interesting to note that no part of the cuticle is argentaffin. 


A. The Epicuticle 


Irrespective of its location, the epicuticle displays a constancy of thickness, 
structure, and composition so that what is said of it here in connexion with the 
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Figure 5. Epicoccus sp. Dorso-pleural and ventro-pleural junctions. The part of the cuticle 
drawn is indicated by the small circle in the diagram at right. Symbols as for Figure 2. 
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Figure 6. Epicoccus sp. Dorsal cuticle. A and C, general cuticle; B, cuticular ingrowth. 


Pore canals are omitted from B and C for clarity. hb, heavily-staining zone; m, margins of 
heavily-staining zone; mes, mesocuticle. Other symbols as for Figure 1. 


dorsal cuticle has general application. Except for the non-pigmented condition 
of the paraffin layer, it is practically indistinguishable from the same structure in 
Pseudococcus. It has a total thickness of about 1.5 » distributed between the 
(outer) paraffin component which constitutes about one third of it, and the (inner) 
cuticulin layer which comprises the remainder (Figs. 6 and 7). 


The Cuticulin Layer: 


The cuticulin layer is colorless and transparent. It gives a vigorous response 
) Millon’s reagent, is stained yellow by the xanthoproteic reaction, and orange- 
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red by the routine stain. It is non-argentaffin, non-reducing, non-iodophil, and is 
unaffected by Danielli’s, Gibb’s, or Mallory’s PTAH techniques. It gives negative 
responses to Sudan black B and Nile blue sulfate. It is easily soluble in hot 
solutions of potassium hydroxide but resists for at least twelve hours the action 
of 10% hydrochloric acid at 60° C. These responses indicate a composition largely 
proteinaceous. The materials to which the protein is bound are such that the 
usual range of tests do not serve for their identification. They also confer on it 
its resistance to extraction by hot dilute acids. 


Figure 7. Epicoccus sp. Dorsal cuticle 4 uw; stained with Sudan black B, bright-field. Hy, 
hypodermis; L, lipoid zone; mes, mesocuticle. Other symbols as for Figure 1. 


The Paraffin Layer. 


This layer is colorless. Its characteristic component is lipoid, as the strong 
positive responses to fat stains (Fig. 7) and osmic acid indicate. Schmorl’s test 
shows it to possess strong reducing properties and Mallory’s PTAH stains it deep 
violet. It is intensely iodophil but it is not affected by the other reagents used 
nor is it soluble in dilute acids or alkalis. 


The Surface Secretion: 


The dorsal cuticle of living insects or of those killed with cyanide has a resinous 
luster (Fig. 4) which is retained when the dead specimens are dehydrated. The 





CUTICLE OF FEMALE PSEUDOCOCCIDAE 149 


glossy surface cannot be wetted. If freshly killed or dried specimens are treated 
with fat solvents, 90% ethanol, or warm 5% sodium or potassium hydroxide solu- 
tion for five minutes, and then washed with water and dried, the luster is lost and 
the entire surface becomes dull. Treatment with boiling water, hot concentrated 
hydrochloric acid, or exposure to dry heat at 100° C. for twelve hours does not 
affect it. Immersion of insects in molten water-soluble wax similarly leaves the 
luster undimmed. 

Untreated and ‘dulled’ insects were therefore embedded in this medium, the 
sections stained with aqueous dyes in acid solution, and mounted in glycerol which 
is without effect on the luster. Sections cut from both batches were indistinguish- 
able nor did comparison with sections of fresh material reveal any recognizable 
differences. 

This scanty evidence suggests that a layer of sub-microscopic thickness (possibly 
containing lipoid) may cover the paraffin layer of the dorsal epicuticle. 


B. The Procuticle 
The procuticle consists almost entirely of mesocuticle (Fig. 7). Exocuticle is 
restricted to small widely-dispersed papillae, each bearing a minute hemi-sclerotized 
seta. The endocuticle forms a narrow zone about 1 » in thickness except at the 
termination of cuticular ingrowths where its lobes and thickened portions serve as 
intermediaries for muscle attachment (Figs. 6 and 7). 


The Exocuticle: 

In the sense that exocuticle is completely-sclerotized procuticle, this zone is 
wanting in Epicoccus. Both papillae and setules are transparent; the former are 
very pale yellow, the latter are colourless. Neither is inert to aniline stains as is 
true exocuticle. The routine stain colours both of them pink and the colour deepens 
as time of immersion is increased. Treatment for a few minutes with “Dia- 
phanol” is sufficient to destroy the incipient sclerotization and they then stain in- 
tensely and rapidly with acid dyes. Their development appears to be in a stage 
intermediate between mesocuticle and exocuticle. Complete sclerotization com- 
monly induces changes in the overlying cuticulin layer but the epicuticle of the 
papillae differs in no respect from that of other parts of the body. 


The Mesocuticle: 

The mesocuticle shows little structural differentiation. When unstained sec- 
tions are examined under the highest powers of the light microscope the mesocuticle 
appears uniform and featureless. Under phase-contrast conditions it is trans- 
versely marked with numerous, irregular dark streaks which indicate the positions 
of pore canals of whose organization, however, no details are observable. The 
routine stain dyes the zone red but supplies little information on canal structure, 

Chemically, the mesocuticle is as complex as it is structurally simple. Millon’s 
reagent differentiates it into three clearly-defined sub-zones which, beginning with 
the outermost, are here referred to as the A, B, and C sub-zones, respectively 
(Fig. 8). 

The A sub-zone is stained pink by Millon’s reagent, and the distal parts of the 
pore canals appear as indistinct, thin red lines which, after traversing the region, 
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attenuate before they terminate at its outer surface. It is of variable width; in 
some parts it may form as much as a third of the cuticle but is generally less. Oc- 
casionally it is suppressed by the outward extension of the B sub-zone (Fig. 6B). 

The B sub-zone takes the form of a conspicuous, broad, bright-red band, sharply 
demarcated externally and internally from the remainder of the procuticle by 
narrow crimson margins (Figs. 6 and 8). It is continuous throughout the dorsal 
mesocuticle, though it thins before it terminates at the dorso-pleural junctions. 
This intensely-staining proteinaceous region exhibits great and sudden variations 
in thickness. Its maximum development may be observed in cuticular ingrowths 
of which it occupies the greater part (Fig. 6B). Where it is thinnest (Fig. 6C), 
it is composed solely of the contiguous crimson margins. The distinct differences 


Figure 8. Epicoccus sp. Dorsal cuticle, 4 u. Millon’s reagent; bright field. A, B, and 
C are the three sub-zones referred to in text. Maximum definition in the mesocuticle has been 
sought; the epicuticle is distorted through being out of focus. 


in color between the central part and its marginal bands suggest either that differ- 
ent proteins are present in each or that the concentration of the one protein is 
higher in the margins than internally. The general appearance is reminiscent of 
the result obtained by the use of the paper-chromatography technique. The great 
mass of the pore canals (Fig. 9) is located within the zone and it is possible that a 
protein complex in solution diffuses from them into the circumjacent cuticle there 
to undergo partial separation, the chitinous matrix acting similarly to the chromato- 
graphic paper. 

Sub-zone C is stratified in alternate red and pale-pink layers (Fig. 8). Whether 
or not these coincide with the probable original lamellate deposition of the pro- 
cuticle cannot be determined since no other stain or technique used, produced 
comparable differentiation. This sub-zone varies in thickness but occupies about 
the inner third of the mesocuticle. 
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Of the wide range of tests applied to the mesocuticle none so clearly dis- 
tinguished the sub-zones as did Millon’s reagent. Other tests which responded 
positively gave diffuse results, but confirmed the fact that the concentration of 
protein in the B sub-zone is higher than in any other part of the mesocuticle. 
Ninhydrin colored the mesocuticle violet-pink, the greatest depth of color being 
developed in the B sub-zone. The xanthoproteic reaction stained it deep orange 
medially, paling to yellow towards either surface. The iodine technique (Lower, 
1957b) approximately delineated the sub-zone by staining it deep purple-black, 
the C sub-zone was uniformly dark red, and the A sub-zone was practically un- 
stained. Mallory’s PTAH produced a similar picture, the B sub-zone being 
reddish violet with deeper violet margins, the C sub-zone light red, and the A 
sub-zone almost colorless. 


Figure 9. Epicoccus sp. Pore canals in latero-dorsal cuticle. One micron; stained by 
Sevki's technique; bright-field. Note termination of pore canals at outer mesocuticular surface. 
C, cuticulin layer; P, paraffin layer: pe, pore canals. 


As is usually the case, Sevki’s technique produced the clearest differentiation of 
the pore canals (Figs. 9, 10). Their thin hypodermal connections were colored 
red, their thickened portions in the B sub-zone were deep purple, and their thin 
terminal parts in the A sub-zone were red. Their numerosity is such that even 
in sections cut at 1 » they appear as a confused mass (Fig. 10). The only valid 
conclusions that can be drawn concerning them are the following: the pore canals 
are confined to the procuticle, being continuous between its outer surface and the 
hypodermis ; they are extremely numerous, of highly irregular form, and the mass 


of their contents, which possess a high concentration of tyrosine-containing protein, 
is almost entirely located within the B sub-zone. 

The mesocuticular protein is separable into two fractions. Sections were im- 
mersed for twelve hours in 10% hydrochloric acid maintained at 60° C. After 
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washing in distilled water it was found that the mesocuticle had lost its charac- 
teristic staining properties. Millon’s reagent colored it uniformly pink and the 
xanthroproteic reaction pale yellow. Ninhydrin, Mallory’s PTAH, and the Sevki 
and iodine techniques all gave negative results. The routine stain dyed it light 
red. In no section were pore canals visible and even the use of phase-contrast 
failed to reveal their positions. These results demonstrate that while most of the 
protein is extractable with hot dilute hydrochloric acid, there is a residual fraction 
firmly bound to the chitin in such a manner that its extraction is more difficult. 
There is no evidence to suggest either the mode of accumulation or functioning 
of the apparently high protein concentration in the B sub-zone. The adult male 
of either species of Epicoccus is unknown; the cuticles of first and second nymphal 
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Figure 10. Eptcoccus sp. Pore canals in thick part of dorsal mesocuticle. 
One micron; stained by Sevki’s technique; bright field. 


instars of either sex do not differ significantly from those of the corresponding 
instars of other pseudococcids. Of the known stages, therefore, the phenomenon 
is confined to the third female instar in which the thickness of the sub-zone relative 
to that of the cuticle as a whole increases with the age of the insect. 


The Endocuticle: 


As mentioned above, the endocuticle is greatly reduced. It is wanting in many 
parts of the cuticle, and, where present, is never more than 1 » in thickness except 
where it caps the cuticular ingrowths. Its structure appears normal. 


The Lipoid Zone: 


When the routine stain is applied to a cuticular section, a thin layer, staining 
a much deeper green than does the endocuticle, can be seen to separate the latter 
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from the hypodermal cells. This layer has an average thickness dorsally of about 
1 », and is continuous throughout the dorsal cuticle except where interrupted by 
cuticular ingrowths. Laterally, it attenuates until it disappears in those parts of 
the dorsal lobes which are in contact with the bark. It is absent from the cuticles 
of the pleura, venter, and intersegmental membranes. In unstained sections, the 
layer is indistinguishable from the endocuticle, since the structure and natural 
color of both are the same. Its high content of chitin shows it to be definitely of 
procuticular origin, and but for its impregnation with other materials, it would 
merely represent the innermost part of the endocuticle. 

It is remarkable for its high lipoid content, and to obviate additions to the 
terminology, unjustifiable at this stage, it is referred to descriptively as the lipotd 
zone. The lipoid zone has unusual chemical properties for a part of the procuticle, 
so anatomically located. In addition to the reactions characteristic of endocuticle 
generally, it is stained deep violet by Sevki’s technique and Mallory’s PTAH. It is 
most intensely colored, however, by the fat stains. 

In free-hand sections of fresh material, the zone can be deeply stained at room 
temperature by short immersion in the fat stains. Sections cut from paraffin- 
embedded material, or those cut from cuticles which have been repeatedly extracted 
with boiling cyclohexane, cannot be stained in this manner. Nearly as intense color, 
however, can be developed by immersion for several hours at 60° C. in the same 
stains. The Nile blue sulfate technique shows that part, at least, of the lipoid is 
neutral, since the zone is stained red after differentiation. If sections cut from ex- 
tracted or paraffin-embedded material be gently warmed with fuming nitric acid, 
the chitin-lipoid association is destroyed, and the previously-dispersed lipoid ag- 
gregates into minute droplets which stain rapidly and intensely with fat stains. 
These results indicate that a lipoid complex, rather than a single lipoid, is involved. 
Part of the lipoid is free, and easily extractable ; part is bound to the chitin and the 
other constituents of the procuticle of the region, and resists extraction. 

Of the origin and function of the lipoid zone, nothing is known. Examination 
of females in various developmental stages shows that lipoid impregnation syn- 
chronizes with secretion of the procuticle, and that the zone maintains its position 
relative to the hypodermis throughout the development. It is not present in the 
first and second nymphal instars, and was absent from one very young third female 
instar which had reached this stage only about the time that the insects were 
collected. In all the other females examined, no measurable difference in its 
thickness was observed, and in two exceptionally large specimens (both para- 
sitized), the zone was of normal thickness. 

Only twice previously has the presence of a layer between the endocuticle and 
the hypodermis been recorded in the literature. The two records are those of 
Schmidt (1956) and Malek (1956). 

Schmidt reported that, in certain insects which he had examined, a glyco- 
protein layer, the “sub-cuticle,” separated the endocuticle from the hypodermis. 
As he stated categorically that the ‘“‘sub-cuticle” was non-chitinous, it clearly has no 
affinity with the lipoid zone of Epicoccus, and need not be further discussed here. 

Malek demonstrated that when the desert locust, Schistocerca gregaria, is 
moulting, the inner part of what was originally endocuticle becomes impregnated 
with a lipo-protein complex, to form the ecdysial membrane of the insect. 

This membrane and the lipoid zone of Epicoccus appear to be homologous struc- 
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tures. Since both are derived from the innermost part of the procuticle contiguous 
with the hypodermis, both occupy corresponding anatomical positions. Both are 
impregnated with lipoid, and both, by reason of their derivation, contain chitin. 

The stages of the life cycle in which each is present are, however, completely 
reversed. In Schistocerca, the lipoid-impregnated procuticle must, by forming an 
ecdysial membrane, be necessarily confined to immature stages, since the adult does 
not moult. The lipoid zone of Epicoccus, on the contrary, is found in the adult 
only. Few details are given in Malek’s preliminary note, and it will be necessary 
to await his full account, before an adequate comparison of the two structures can be 
made. 


2. The Ventral Cuticle 


The cuticle of the venter is thin, averaging some 4 » in thickness. Its epi- 
cuticle is indistinguishable from that of other parts of the body. 


A. The Procuticle 


There is no exocuticle. Less than half of the procuticle consists of mesocuticle 
which displays no signs of the chemical sub-zonation characteristic of the dorsal 
mesocuticle. It has no visible internal structure and chemically, is typical of this 
zone generally. 

The endocuticle comprises rather more than half of the procuticle, being 
thicker than that of the dorsum. No lipoid zone is present. Both chemically and 
structurally it resembles the endocuticle of P. adonidum. 


3. The Pleural Cuticle 


What is here assumed to be the cuticle of the degenerate pleura covers two 
narrow regions, one on either side, which connect the ventral and dorsal cuticles. 
From both of these the pleural cuticle differs greatly in structure. In transverse 
sections, its surfaces are irregular (Fig. 5) and its general appearance suggests that 
it is in a contracted state ; it is possible that in the living insect it may be much more 
extended and correspondingly thinner. 

It is frequently thick, exceeding 30 » in a few places. The epicuticle is typical. 
The procuticle consists wholly of endocuticle which, when stained, shows no struc- 
ture under bright-field conditions. When viewed under phase-contrast conditions, 
whether stained or not, numerous, fine, approximately-transverse dark lines can be 
seen. These appear to be artifacts produced by the contraction assumed to have 
occurred. The change from pleural to dorsal, or pleural to ventral, cuticles is 
sharp; there is no gradation of one region into the other. 

Tests reveal the presence of the normal chitin-protein complex; there are no 
unusual components. 


4. The Cuticle of the Intersegmental Membranes 


Functional intersegmental membranes are found uniting the ventral abdominal 
segments only, so that cuticle of this kind is restricted to the ventral surface. 
It is very thin and consists of the typical epicuticle overlying a procuticle rarely 
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exceeding 2 » in thickness and often being less. Its highly plicate condition in many 
places shows that it permits of considerable movement of the ventral region. The 
procuticle, which is composed wholly of endocuticle, has no visible internal struc- 
ture, and no peculiar chemical properties. There appear to be no pore canals 
in it. 


II]. THe CuTIcLte oF E. AcAcIAE (MASKELL) 


The cuticle of E. acaciae differs in details, only, from that of its congener. The 
species is somewhat smaller than is Epicoccus sp. but relative to the size of the 
insect its cuticle is still massive. 

The epicuticles of both forms are indistinguishable even to the extent that 
dorsally the paraffin layer of each is covered by a sub-microscopic surface secretion 
of similar properties. 

What has been said of the cuticles of the venter, the pleura, and the inter- 
segmental membranes of Epicoccus sp., applies equally to those of the same regions 
of E. acaciae, such differences as do occur being confined to the dorsal procuticle. 

The endocuticle of the latter has undergone still further reduction and forms 
irregular cappings to terminations of the cuticular ingrowths. It does not occur 
elsewhere. The procuticle thus consists almost entirely of mesocuticle which 
structurally resembles that of Epicoccus sp.; its distinguishing characters are chemi- 
cal. Millon’s reagent colors it uniformly cherry-red—a much deeper shade than 
is produced by the reagent in insect cuticle generally. The xanthoproteic test 
stains it uniformly deep orange, the iodine technique purple-black, ninhydrin violet- 
pink, and Mallory’s PTAH deep purple. Sevki’s technique displays the pore 
canals as deep violet, filamentous tubes of approximately constant diameter through- 
out their length and demonstrates their continuity between the hypodermis and the 
outer procuticular surface. After twelve hours’ extraction at 60° C. with 10% 
hydrochloric acid, Millon’s reagent stains the whole procuticle pink, and the 
xanthoproteic test colors it yellow. It fails to give visible responses with the other 
stains and reagents. 

These results would seem to indicate that extra protein is present in the 
mesocuticle, that it is uniformly distributed (in contrast to its aggregated condition 
in Epicoccus sp.), and that it is differentiated into acid-extractable and acid-resistant 
fractions. 

A lipoid zone, whose extent and reactions are identical with those of the corre- 
sponding zone of Epicoccus sp., is present. It differs in being brown pigmented 
with melanin or a melanin-like product, and is hence easily recognizable even in 
unstained sections. 


IV. THe Wax GLANDS AND THEIR SECRETION 
(a) P. adonidum 


Wax glands are conspicuous in most sections of P. adonidum, frequently as 
many as four or five, transected in various places, being visible in the one section. 
They resemble those of P. martimus as described by Pollister (1937) and it is prob- 
able that a general uniformity of glandular structure prevails throughout the family. 
Fundamentally, each consists of a multicellular secretory sheath enclosing a large, 
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sub-spherical, central reservoir which communicates with the surface by means 
of one or more ducts (Fig. 1A). 

When sections of unfixed material are treated with Sudan black B, the surface 
wax, the contents of reservoirs and ducts, and limited parts of the cuticle surround- 
ing the ducts, are blackened. The local cuticular impregnation appears to be 
brought about by diffusion of some of the wax through the duct walls. The Nile 
blue sulfate technique stains the surface wax, that filling the ducts, and the im- 
pregnated cuticle deep blue, but it colors the reservoir contents red. Fat solvents 
readily dissolve the surface wax and that of the ducts but have no apparent effect 
on the impregnated cuticle or the reservoir material. The latter is highly resistant 
to such solvents; prolonged extraction with methanol-chloroform, pyridine, ether, 
or boiling cyclohexane removes part only of its lipoid. This explains why even in 
paraffin sections cut at 1 » the contents of the reservoirs are retained apparently 
unaltered by the treatment they have undergone in the course of their preparation. 

These results suggest that the material in the reservoir is “protowax” con- 
sisting of neutral lipoid (indicated by the Nile blue sulfate technique) so bound to 
other substances as to render its extraction extremely difficult. Alternatively the 
protowax may be secreted as an emulsoid whose finely divided lipoid micelles are 
dispersed in an inert medium. By some means at present unknown, the lipoid 
is freed and passed along the ducts. On its way to the surface the neutral lipoid 
becomes acidic, in which form it is deposited as wax on the surface. This in- 
terpretation of the course of events is purely speculative. An important obstacle to 
its acceptance is the failure of any of the wide range of tests applied, to demonstrate 


the presence in the reservoir of anything except lipoid. 
There is some evidence suggesting that the outer surface of the wax layer may 
be covered by a sub-microscopic layer of protective material. 


(a) If insects are killed with cyanide and then immersed in a solution of Sudan 
black B, the surface wax is stained only where it has been damaged during 
manipulation. If they are first lightly brushed, the areas so treated stain rapidly. 

(b) If the insects have a prior immersion for fifteen minutes in 10% hydro- 
chloric acid at 35° C. before being put in Sudan black B, staining of the wax is rapid 
and complete. Moreover, from insects so pre-treated, cold cyclohexane dissolves 
the wax rapidly whereas it acts much more slowly on untreated insects. 

(c) If the insects are dropped into water at 70° C., the wax oozes away forming 
a surface film on the water. If such insects are then embedded in paraffin and 
sectioned, the epicuticle, when viewed under phase-contrast conditions, has an 
outer surface which cannot be sharply focussed. If the same sections are then 
treated with warm 10% hydrochloric acid for ten minutes, and re-examined, the 
epicuticle has a well-defined outer boundary. 


Should an outer layer be present, the wax and its protective layer would afford 
an interesting analogy to the two outer layers of the four-layered type of epicuticle. 
They would occupy the same anatomical position relative to the two inner layers, 
and apparently perform the same function of limiting water loss as do the wax and 
cement layers. They differ in that the wax at least is a glandular product, they 
are not secreted until after moulting, and finally, some of the wax is used by many 
species as a covering for egg masses. 
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(b) Epicoccus 


In Epicoccus most of the wax glands have atrophied. Their orifices are still 
open, but either their ducts are internally sealed off by the growth of procuticle 
across them, or their secretory cells are small and produce little wax. Glands of the 
latter kind are confined to the dorsum where they open in small groups in deep 
infolds of the cuticle adjoining muscle insertions. They secrete little more wax 
than is needed to plug the ducts and keep them filled. Their orifices are marked 
by small white spots at the surface (Fig. 4). 

Typical glands are confined to the lateral extremities of the lobes in contact with 
the bark. The gland contents and the cementing wax respond similarly to stains 
and tests as do those of P. adonidum. The principal differences between the 
waxes of the two species are that that of Epicoccus has a higher melting point, and 
dissolves easily and quickly in all fat solvents. It would appear that the wax having 
ceased to function as an agent for reducing desiccation, no protective layer covers it. 


V. Discussion 


The results of this investigation demonstrate that notwithstanding the funda- 
mental similarity of cuticular structure which prevails throughout the Pseudo- 
coccidae, great morphological differences distinguish the two genera studied. 


A. The Epicuticle 


The epicuticles of all three species consist of the essential cuticulin and paraffin 
layers. The paraffin layer of Epicoccus is overlain by a sub-microscopic covering 
of apparently lipoidal material which probably corresponds to the wax layer of more 
complex epicuticles, as a cement layer in this anatomical position would be ab- 
normal. There is no indication of the presence of any such layer in Pseudococcus 
in which it is replaced by a thick layer of wax secreted by hypodermal glands; 
this surface wax itself appears to possess an extremely tenuous protective covering. 

The effectiveness of either of these systems as a means for restricting water loss 
is probably slight. Much of the surface wax of Pseudococcus, for example, is dis- 
posed in long filaments which would have little value in this regard, more especially 
for a species which inhabits a humid micro-environment. Dead insects of either 
genus, after removal of the surface layer, do not lose water to a dry atmosphere at 
a significantly greater rate than do dead intact ones. 


B. The Procuticle 


The procuticles of the two genera differ as greatly as do the environments in- 
habited by each. The thin procuticle of Pseudococcus, consisting almost solely of 
endocuticle, displays little specialization. That of Epicoccus, on the contrary, is 
highly specialized both structurally and chemically. 

In absolute thickness it is comparable with those of large sclerotized forms 
such as Periplaneta, while relative to the individual’s size, there are probably few 
other insects which can match it. It consists almost wholly of mesocuticle. 

Among insects whose cuticles have been described, that of Epicoccus is unique 
in the high proportion of protein in the procuticle, aggregated in a well-defined zone. 
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Its possession of a deep-seated lipoid zone in the procuticle is, so far as is known, 
shared only by the desert locust, Schistocerca gregaria. 

All this specialization betokens a long period of evolution under conditions 
adverse to insect life generally, and the acquisition of a massive cuticle, together 
with the loss of mobility by the adult female, are presumably closely linked with 
this. Incapacity for locomotion may be disadvantageous; but failure to cope with 
a hostile environment spells extinction. 

The collected material came from a single half-dead plant, not over ten feet 
in height. Fully-exposed as the insects were, they not infrequently had to contend 
with direct sun temperatures of 60° C., or even more, accompanied by relative 
humidities often below 10%, in a situation commonly swept by parching winds, 
The brood chambers of mature females contained eggs, and first and second 
nymphal instars. These immature forms were found nowhere else. Apart, there- 
fore, from ensuring survival of the mother, the thick leathery cuticle functions 
equally well in protecting those stages in the life cycle most vulnerable to the environ- 
mental conditions, thereby making it possible for the species to maintain itself in 
a region relatively-poor in the higher forms of insect life. 


[ wish to thank Miss Helen M. Brookes of this department for supplying the 
material used and for allowing publication of the photograph reproduced in Fig- 
ure 4. 

My thanks are also due to Mr. Keith P. Phillips (in charge of Photographic 


Department) who is responsible for all the photography. 


SUMMARY 


1. The cuticular structure of three female pseudococcids, Pseudococcus adoni- 
dum L., Epicoccus sp., and E. acaciae ( Maskell), has been investigated. 

2. The cuticle of P. adonidum consists of a two-layered epicuticle, overlying 
a thin procuticle, almost all of which is endocuticle. 

3. The cuticle of Epicoccus sp., is highly specialized. Its epicuticle closely re- 
sembles that of P. adonidum. The dorsal cuticle is relatively thick, and is much 
modified chemically. Most of it consists of mesocuticle in which Millon’s reagent 
delimits three well-defined zones which differ greatly in their reactions to stains 
and histochemical reagents. The endocuticle is much reduced. A thin layer of 
procuticle between the hypodermis and the endocuticle is impregnated with lipoid to 
from a “lipoid zone.” 

4. The cuticle of EZ. acaciae is thick. It differs from that of Epicoccus sp. 
principally in that there is no chemical zonation of the procuticle, and the lipoid 
zone is melanin-pigmented. 

5. Wax glands are numerous in the cuticle of P. adonidum. The contents of 
their reservoirs (‘‘protowax”) differ chemically from the surface wax. In Ept- 
coccus, many of the glands have atrophied; typical glands are confined to lateral 
parts of the cuticle in contact with the host plant, and these secrete large quantities 
of wax which fixes the insect permanently in position. 

6. The specialized cuticle of Epicoccus appears to have evolved over a long 
period, during which the insects have been exposed to adverse environmental con- 
ditions. 
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PHENYLTHIOUREA TREATMENT AND BINDING OF RADIOACTIVE 
IODINE IN THE TADPOLE 
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Biology Division, Oak Ridge National Laboratory, and Departments of Biology, 
The Catholic University of America and University of Virginia 


In a study of the distribution of ['*' after administration to tadpoles, Dent 
and Hunt (1952) demonstrated not only the expected concentration of this sub- 
stance in the thyroid gland but also significant accumulations in several other 
regions. Notable among these were the thymus, the horny teeth, the melanophores 
of the skin, and the pigmented layer of the retina. The same pattern of distribution 
was observed in tadpoles of Hyla, Rana, and Bufo in various stages of development 
and was not altered by thyroidectomy. It was suggested that, since tyrosine is a 
precursor of melanin, the localization of I'*' in pigmented tissues may be attributable 
to the binding of I'*' to tyrosine that must be present in those tissues. The 
hypothesis was also advanced that perhaps the same enzymes that bring about 
oxidation of tyrosine to melanin are able to facilitate the union of iodine and tyro- 
sine. Gennaro and Clements (1956a, 1956b), studying the binding of I'** in the 
skin of the adult frog, provided evidence to support these views. Our experiments 
were undertaken as a further investigation of the association of iodine with pig- 
mented tissues and as a further test of the hypothesis cited. 

It is known that administration of certain derivatives of thiourea results in an 
inhibition of melanin formation. This has been demonstrated for mammals 
(Richter and Clisby, 1941; Dieke, 1947), fishes (Frieders, 1954), and several 
different amphibians (Lynn and de Marie, 1946; Lynn, 1948; Blackstad, 1949; 
Millott and Lynn, 1954). In amphibians the results are most striking when these 
substances are given to embryos or young larvae before any melanophores have 
appeared. Such individuals do not develop black pigment so long as the treat- 
ment is continued. Cessation of treatment is followed by rapid melanogenesis. 
Since it has been demonstrated (Bernheim and Bernheim, 1942; Paschkis, 
Cantarow, Hart and Rakoff, 1944; Dubois and Erway, 1946) that thiourea deriva- 
tives inhibit tyrosinase activity in vitro, it is assumed that their role in preventing 
melanin formation in frog embryos is the inhibition of tryosinase activity. In our 
experiments, larvae of several different ages were treated with one of these tyrosi- 
nase inhibitors, phenylthiourea, to obtain unpigmented tadpoles or tadpoles with 
reduced pigmentation. The pattern of iodine uptake in these animals was com- 
pared with that in untreated controls at various times after the beginning of treat- 
ment. 


MATERIALS AND METHODS 


The animals used for this experiment were tadpoles of Hyla versicolor versicolor 
LeConte hatched from eggs collected in a small temporary pool near Oak Ridge, 


1 Address: Department of Biology, The Catholic University of America. 

* Address: Department of Biology, University of Virginia. Work supported in part by 
A.E.C. Contract AT- (40-1) -2000. 

‘Operated by Union Carbide Nuclear Company for the U. S. Atomic Energy Commission. 
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Tennessee. A few hours after hatching, the larvae were distributed in groups of 
fifteen in finger bowls, each containing 200 ml. of spring water. On the first, 
fourth, and fifteenth days after hatching, experimental series were established in 
this way: Larvae were transferred to six finger bowls, fifteen larvae to each bowl; 
two contained 200 ml. of 0.01% phenylthiourea in spring water, two contained 
200 ml. of 0.005% phenylthiourea in spring water, and two contained spring water 
alone (controls). The tadpoles, kept at laboratory temperatures (21°-23° C.), 
were fed crumbled pellets of Purina rat chow and, occasionally, a strained beef- 
and-liver soup prepared for infants. The culture fluids were changed daily and 
there was no mortality. At four-day intervals three animals from each experi- 
mental and control group were selected at random and examined under the 
binocular microscope. Records were kept of the gross changes in pigmentation 
and of the developmental stage reached. The system of staging devised by Taylor 
and Kollros (1946) for Rana pipiens was used and adapted with minor variations 
for Hyla versicolor. 

At three ages (4, 24, and 29 days after hatching), animals were removed from 
the experimental and control series and used in the preparation of autoradiograms.‘ 
The procedure was as follows: Five larvae from each bowl were put in 50 ml. of a 
solution of one part per million of stable sodium iodide * and enough radioiodine 
to give an activity of one pc./ml. at the beginning of the immersion period. For 
each experimental group, one set of five animals was put in a radioiodine solution 
made up in spring water and another was put in a radioiodine solution made up in 
the same phenylthiourea solution in which the animals had been raised. After 
24 hours in the radioiodine solution, the larvae were passed through two baths of 
spring water and left in a third bath of spring water, or the appropriate phenyl- 
thiourea solution, for another 24 hours. All were then fixed in a 1:1 mixture of 
Bouin’s fluid and Cellosolve. After 8 hours’ fixation, they were dehydrated in 
Cellosolve, embedded in paraffin, and sectioned at 10 micra. The mounted and 
dried sections were passed through two changes of xylol, transferred to absolute 
alcohol, and then dipped in a 1.0% solution of collodion in ether-alcohol, and dried. 
The slides were attached by stationer’s binder clips against the emulsion of Eastman 
medium contrast lantern slide plates in the darkroom and left for 8 days. Finally, 
the lantern slide plates were developed and the sections themselves were stained 
with Harris’ haematoxylin and Ponceau de xylidine-orange II (Gray, 1952). 


RESULTS 
1. Gross effects of treatment with phenylthiourea 


During ovogenesis (Kemp, 1953) melanin granules are laid down in the cortical 
region of most anuran ova. Superficially, the pigmented area extends from the 
animal pole to the presumptive germ ring. These granules are retained within 


‘ Joftes and Warren (1956) have recommended the substitution of the term “radioautogram” 
for “autoradiogram.” It is felt that since the semantic basis offered by Joftes and Warren for 
the use of the former term does not appear to be much stronger than the etymological basis 
presented by Boyd (1955) for the use of the latter and since the latter term has become well 
established, its use should be continued. 

° There is some danger of introducing errors by use of carrier-free isotopes because of 
md tendency to adhere to glassware. The stable Nal was added with the view of eliminating 
that effect. 
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from 26-day-old larvae of Hyla versicolor that had been immersed 
of 1'31/ml. for 24 hours and fixed 24 hours after removal from the 


All sections shown are 
in a solution of one 
solution 


Figure 1. Photograph of living tadpoles 12 days old. Upper animal raised in 0.01% 


phenylthiourea; lower animal raised in spring water 
Figure 2. Section through the eye of a control tadpole. 
Ficure 3. Autoradiogram prepared from the section shown in Figure 2 
FIGURI Section through the eye of a tadpole kept in 0.01% phenylthiourea continuously. 
Ficure 5. Section through the eye of a tadpole kept in 0.01% phenylthiourea for 24 days, 
then in spring water for two days. 
Figure 6. Autoradiogram of the section shown in Figure 5 
Figure 7. Section through the mouth of a control tadpole showing the horny teeth. 
Figure 8. Autoradiogram of the section shown in Figure 7. 
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the presumptive ectoderm and mesoderm but disappear as melanophores begin to 
differentiate and form melanin. 

As was anticipated on the basis of previous experiments with other amphibians, 
the larvae that had been put in phenylthiourea solutions within a few hours after 
hatching stopped forming melanin and after only 24 hours were noticeably paler 
than controls. After 48 hours, and at all later stages, the experimental animals 
were completely unpigmented, the embryonic pigmentation having disappeared 
(Fig. 1). Larvae in which treatment was delayed until four days after hatching 
had already developed much melanin in both skin and eyes and exhibited no differ- 
ence from the controls for at least three days. After this they gradually paled, 
however, and by the tenth day of treatment their skin was without pigment. Pig- 
mentation of the eyes was lost much more slowly and even when the experiment 
was terminated (51 days after hatching), the eyes of these animals still showed 
some pigment, though far less than those of controls. Larvae that were first put 
into phenylthiourea solutions 15 days after hatching showed no blanching of the skin 
until near the end of the experiment, and the pigmentation of the eyes never became 
grossly different from that of controls. Examination of the living animals under 
the binocular microscope and later study of the sectioned material revealed no 
significant pigmentary difference between animals treated with 0.01% phenyl- 
thiourea and those treated with 0.005%. It appears that both concentrations are 
fully effective in inhibiting melanin formation. 

Since phenylthiourea is one of the well-known thyroid-inhibiting drugs, the 
experimental animals not only differed from the controls in degree of pigmentation 
but also in their failure to exhibit definitive metamorphic changes. No significant 
differences in development were noted for the first 20 days of the experiment. 
At this time both treated and untreated tadpoles were in late limb bud stages 
(Stages IV and V). Later, however, the experimental animals showed definite 
inhibition in development. By 24 days the controls were in Stages VI and VII 
whereas the tadpoles in phenylthiourea solutions remained at Stages IV and V. 
The controls continued to differentiate steadily, most specimens reaching Stage IX 
by the 28th day, Stage XV by the 40th day, and late metamorphic stages (Stages 
XVIII to XXV) by the 48th day. As is usual with anuran larvae, there was a 
considerable variation in developmental rate among the controls, a few specimens 
being retarded and others exceptionally advanced. Thus, although forelimb emer- 
gence occurred in one control 45 days after hatching, and had occurred in more than 
half the surviving controls by 51 days, at this latter time there was still one animal 
at Stage VI and several at Stage XIII. Among the tadpoles placed in 0.01% 
phenylthiourea, either immediately after hatching or 4 or 15 days later, none 
advanced beyond Stage VI and most remained at Stage IV or Stage V. Tadpoles 
raised in 0.005% phenylthiourea advanced somewhat beyond those in the higher 
concentration ; most of those kept to the end of the experiment reached Stage VI 
or Stage VII and a few specimens differentiated to Stage VIII. There is thus 
some indication that the lower concentration is not fully effective in inhibiting 
thyroid activity. 


Figure 9. Section through the mouth of a tadpole treated continuously with 0.01% 
phenylthiourea. 
Figure 10. Autoradiogram of the section shown in Figure 9. 
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As noted previously, the larvae used for the preparation of autoradiograms were 
put in a radioiodine solution for 24 hours, and this was followed by another 24-hour 
period without radioiodine, which allowed for elimination of excess iodine before 
fixation of the tadpoles. Autoradiograms were made from two sets of phenyl- 
thiourea-treated animals, one in which the phenylthiourea treatment was continued 
until fixation and one in which the radioiodine solution and the subsequent 24-hour 
bath were without phenylthiourea. The latter thus had a 48-hour period of re- 
covery from phenylthiourea treatment immediately preceding fixation. It has been 
demonstrated that in amphibian embryos melanin reappears very rapidly after 
phenylthiourea treatment has stopped (Millott and Lynn, 1954). In the present 
experiments the animals put in radioiodine solutions containing no phenylthiourea 
showed a well-defined darkening of the eyes within 12 hours; and at 24 hours, when 
they were removed from the radioiodine solutions, a scattering of pigmented 
melanophores was also visible in the skin. Larvae kept in phenylthiourea solutions 
throughout, of course, showed no such pigmentary change. 


2. Effects of phenylthiourea treatment on radioiodine binding in the pigmented 
epithelium of the retina 


The first group tested for radioiodine binding consisted of animals on which 
the phenylthiourea treatment started on the day of hatching and continued for 
four days only. The second and third groups tested included animals on which 
treatment was begun on the day of hatching and some in which treatment was 
started later (4 and 15 days after hatching). Since the results were similar in all 
three groups, detailed consideration will be given for only one, the second experi- 
mental group, which was given radioiodine on the 24th day after hatching and 
contained animals under treatment for 24, 20, and 9 days. 

Photomicrographs and corresponding autoradiograms of the eye region in 
typical animals of this group are shown in Figures 2-6. Figures 2 and 4 illus- 
trate the conditions found in control and experimental animals of the series in 
which phenylthiourea treatment was started at hatching. The pigmented epithelium 
of the retina is quite dark in the controls but is entirely without melanin in the 
animals given continuous phenylthiourea treatment. The autoradiogram prepared 
from the control (Fig. 3) shows that there was a marked concentration of radio- 
iodine in the pigment epithelium. On the other hand, an autoradiogram prepared 
from the eye shown in Figure 4 was entirely blank and is not shown. It has been 
pointed out that some melanin formed in the animals allowed a recovery period 
from treatment with phenylthiourea. Plates prepared from these specimens show 
faint but definite autoradiograms, indicating that some binding of radioiodine oc- 
curred both in the skin and in the retina (Figs. 5, 6). On the basis of these 
results it might be concluded that the binding of radioiodine depends on the presence 
of melanin and varies directly in amount with the amount of melanin present. 
However, study of the larvae in which phenylthiourea treatment was initiated at 
later ages reveals that this is not the case. It will be remembered that pigment 
was lost from the eyes only very slowly in the series started at 4 days and not at all, 
so far as could be seen externally, in the series started at 15 days. Thus these 
latter tadpoles, even though under continuous treatment with phenylthiourea, still 
had much melanin in the pigment epithelium. Nevertheless the autoradiograms 
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prepared from this series exhibited the same variations as those previously de- 
scribed. Control animals showed high radioiodine level, animals treated continu- 
ously with phenylthiourea showed no radioiodine binding, those treated with 
phenylthiourea and then allowed two days’ recovery showed a very low radioiodine 
level. Yet the degree of pigmentation of the members of all groups was about the 
same. It is therefore clear that the binding of radioiodine does not depend on the 
amount of formed melanin present. 


3. Effects of phenylthiourea treatment on radioiodine binding by the horny teeth 


In all larvae given radioiodine a significant localization was found in the horny 
teeth. The 4-day series (fixed at 6 days after hatching) shows relatively little 
cornification of the teeth. Nevertheless the autoradiograms indicate that radio- 
iodine was bound in these structures, not only in the controls but also, and ap- 
parently to the same extent, in the phenylthiourea-treated animals. The 24- and 
39-day series both exhibit extensive cornification of the teeth, and in these there is. 
an indication that phenylthiourea did lessen the binding of radioiodine without, 
however, completely halting it. Photomicrographs and corresponding autoradio- 
grams of the teeth in control and experimental animals of the 24-day series will 
serve to illustrate this inhibitory effect (Figs. 7-10). It was found that whereas 
the autoradiograms of control tadpoles (Fig. 8) and those of treated animals 
allowed a 48-hour recovery period show equally dense spots, representing the 
teeth, autoradiograms of larvae subjected to continuous treatment with phenyl- 
thiourea show definite but much less intense darkening (Fig. 10). This result was 
consistent in all specimens of the older series. 


4. Effects of phenylthiourea treatment on the thyroid and thymus 


Although these experiments were not primarily concerned with the thyroid 
gland, some observations on the thyroid response are of interest. In most of the 
control larvae of the 4-day series the thyroid proved to be at a stage of early 
follicle formation. Only one or two follicles were present in each thyroid, the rest 
of the gland consisting of irregular cords of cells. The formed follicles had a 
cuboidal epithelium that still retained some of the pigmentation characteristic of 
the anuran thyroid rudiment. The lumina were very small and contained no 
stained colloid. Two of the five control specimens had no organized follicles at 
all, the entire thyroid being composed of clumps and cords of epithelial cells. In 
the experimental animals of this series, there were some with glands lacking 
organized follicles; these showed no histological differences from the two controls 
just mentioned. On the other hand, the phenylthiourea-treated larvae in which 
follicles had appeared showed a sharp contrast to controls in that the follicles were 
larger, had a flattened epithelium, and contained a relatively large amount of 
homogeneous basophilic colloid. The autoradiograms of the control thyroids and 
those allowed 48 hours’ recovery from phenylthiourea showed evidence of binding 
of radioiodine, whereas the animals treated continuously with phenylthiourea did 
not. It is noteworthy that the thyroids of all 5 of the controls and of all 5 of the 
recovery series produced clear autoradiograms but in some of them no organized 
follicles were yet present. The effect of phenylthiourea treatment on thyroid 
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physiology is thus detectable histologically as soon as follicles are formed and 
physiologically even before follicles are formed. 

The thyroids of controls fixed at 26 days after hatching showed a quite uni- 
form appearance. The follicular epithelium was cuboidal and the colloid acido- 
philic, usually with some chromophobe droplets. Experimental animals differed 
consistently in having many more chromophobe droplets and slightly higher 
epithelium. The different lengths of treatment with phenylthiourea resulted in 
no histologically observable differences. There was also no significant difference 
in the appearance of the thyroids of animals treated continuously and those allowed 
two days’ recovery before fixation. Autoradiograms prepared from the sections of 
this series showed a high level of radioiodine in the control thyroids, a very low 
level in the thyroids of larvae treated continuously with phenylthiourea, and a high 
level, apparently as high as that of controls, in those of larvae removed from 
phenylthiourea at the time of their exposure to radioiodine solution. 

The controls of the series fixed at 41 days after hatching were all in metamorphic 
stages and, as would be expected, their thyroids gave indications of high activity. 
The epithelium tended to be columnar and chromophobe droplets were abundant. 
The experimental animals, on the other hand, had enlarged follicles with a mark- 
edly flattened epithelium and much homogeneous colloid. The autoradiograms of 
this series are similar to those for the 24-day series. 

The concentration of radioiodine in the thymus gland observed by Dent and 
Hunt (1952) was confirmed in these experiments and proved to be affected by 


phenylthiourea treatment in exactly the same way as is radioiodine concentration 


in the thyroid. Autoradiograms made from control tadpoles of the 24-day series or 
from tadpoles allowed a recovery period show high concentration of radioactivity 
in the thymus; those made from tadpoles under continuous treatment with 
phenylthiourea show no radioactivity in this region. 


DISCUSSION 


In these experiments the administration of phenylthiourea to early larvae of 
Hyla versicolor versicolor resulted in the production of completely unpigmented 
tadpoles. Both concentrations tested (0.01 and 0.005%) proved equally effective 
and neither gave any indications of toxicity. The gradual blanching of the skin 
produced by treatment with phenylthiourea has sometimes been referred to as a 
depigmentation effect. It is probable, however, that the drug has no effect on any 
pigment already present when treatment is begun but acts entirely by preventing 
the formation of new pigment. The results of our experiments are in accord with 
this view for, as has been pointed out, the blanching of the skin (and of the eyes) 
occurred rapidly in larvae treated immediately after hatching, more slowly in those 
in which treatment was delayed until 4 days after hatching, and very slowly indeed 
in those in which treatment was begun 15 days after hatching. It must be assumed 
that in all these animals the phenylthiourea treatment effectively blocked melano- 
genesis and that the rate of “depigmentation” depended on the rate of loss of the 
melanin already present. In fact, it would appear that this rate of blanching after 
treatment with phenylthiourea should furnish an indication of the normal rate of 
metabolic turnover of melanin at various ages. Our results indicate that turn- 
over is rapid at early ages but much slower in older animals. In fact, it seems 
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likely that some of the formed melanin persists indefinitely after a certain age is 


reached. 

These experiments also demonstrate that phenylthiourea affects the binding of 
radioiodine by the tapetum nigrum. Only the untreated animals show a significant 
concentration of I'*' by this structure. Tadpoles given phenylthiourea and then 
removed from the solution exhibit an ability to bind iodine within the first 24 
hours after cessation of treatment. In all experiments, however, the autoradio- 
grams, though they do not give quantitative information, indicate clearly that I" 
is not taken up by the pigmented epithelium of the eye in direct proportion to the 
amount of melanin present. Tadpoles for which phenylthiourea treatment is begun 
at 15 days after hatching retain much pigment in the eye yet show no tendency to 
bind I'**. This indicates that the binding of iodine in the pigmented epithelium 
of the eye (and doubtless in chromatophores as well) takes place only while 
melanin is actually being formed and is dependent on some enzymatic activity that is 
inhibited by phenylthiourea. Since this substance is known to inhibit tyrosinase 
activity in vitro and since tyrosine must be present where melanogenesis is going 
on, it is natural to suspect that tyrosinase is the enzyme involved. These views 
are supported by the findings of Gennaro and Clements, who extracted radioactive 
mono- and diiodotyrosine from dises of frog skin that had been incubated in Ringer 
solution containing I'*' and from the skins of intact frogs injected with I'™ 
(1956a). They also showed that pretreatment of the discs with thiourea decreased 
the degree of incorporation of I'*' in the melanized areas (1956b). According to 
the concept outlined, tyrosinase would be active in pigment-forming tissues both 
in the oxidation of tyrosine to melanin and in the oxidation of iodide to iodine to 
permit the production of mono- and diiodotyrosine and possibly iodinated proteins. 
Inhibition of tyrosinase activity would thus be expected to result simultaneously 
in cessation of melanogenesis and failure to bind I'*'. Whether these findings can 
be directly related to the goitrogenic effects of phenylthiourea is not certain. The 
mechanism by which iodination of tyrosine occurs in the thyroid is not well under- 
stood (Roche and Michel, 1955). There is no evidence of the presence of 
tyrosinase in the mammalian thyroid ( Pitt-Rivers, 1950). Fawcett and Kirkwood 
(1954) have hypothecated a “tyrosine iodinase” as a catalyst for the process. 
There are many varieties of tyrosinase (Lerner and Fitzpatrick, 1950), however, 
and it may be that amphibian tyrosinase has a special property of oxidizing 
iodine or, on the other hand, that our experiments may offer the key to a better 
understanding of iodination of tyrosine in the thyroid itself. 

The accumulation of iodine in the horny teeth of larval anurans was first 
reported by Dent and Hunt (1952). Association of iodine with similar hard 
structures is known to occur in a number of invertebrates. Noteworthy examples 
are the hypodermis of Drosophila larvae (Wheeler, 1950), the setae and pharyn- 
geal teeth of polych ietes (Swan, 1950), and the exoskeleton of Daphnia (Gorbman, 
Clements and O’Brien, 1954). Gorbman (1955) has discussed this matter in 
some detail and notes that in all these cases the localization of radioiodine is in 
scleroprotein. The present experiments indicate that phenylthiourea treatment, if 
given over a sufficiently long period, has an inhibitory effect on the binding of 
radioiodine here although it does not completely prevent it. 

The effects of derivatives of thiourea on the functioning of the thyroid gland 
have been widely studied in mammals and in several amphibians. The histological 
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changes seen in the thyroids of the animals studied in our experiments are in agree- 
ment with those previously reported and need not be discussed. The autoradio- 
graphic analysis of the thyroids of the control and experimental animals also gave 
results that would be expected on the basis of what is known of the effects of this 
drug. Larvae under continuous treatment with phenylthiourea showed an extremely 
low ability to bind I'*'. However, treated larvae recovered this ability very rapidly 
after treatment was discontinued. This rapid rate of recovery is in contrast with 
the slower rate observed in the pigmented regions and may be indicative of a 
difference in the mechanism of iodine binding. 

The basis for the accumulation of radioiodine by the thymus gland is not known. 
It was first reported by Dent and Hunt (1952), and it is clearly demonstrated in 
our material. It is completely inhibited in animals under continuous treatment 
with phenylthiourea but cessation of treatment is followed by prompt recovery of 
the animal’s ability to concentrate iodine. It appears, then, that the binding of 
iodine in the thymus is more closely related to that process as it occurs in the 
thyroid than as it occurs in the melanophore. 

Earlier observations on various vertebrates (see citations in Dent and Hunt, 
1954) have all been to the effect that the onset of iodine accumulation by the 
thyroid does not occur until discrete follicles make their appearance. It is of 
some interest, then, that in the animals studied here iodine concentration began 
while the cells of the thyroid rudiment were still arranged in cords at four days 
after hatching. Moreover, such animals, when given continuous phenylthiourea 
treatment, showed no ability to concentrate I'*'. Thus the iodine-concentrating 


activity of thyroid tissue, and also the ability of phenylthiourea to inhibit this ac- 
tivity, are evidenced well before the appearance of follicles or colloid. 


SUM MARY 


1. Larvae of Hyla versicolor were immersed in solutions of phenylthiourea at 
0, 4, and 15 days after hatching. At 4, 24, and 39 days after hatching, I'*' was 
administered and contact autoradiograms were prepared from serially sectioned 
representative specimens. 

2. The tadpoles treated with phenylthiourea from the time of hatching became 
completely unpigmented. The blanching of the second series was slower and never 
complete. The third series became very little lighter during the course of the 
investigation. This indicates that the metabolic turnover of melanin goes on at a 
decreasing rate as the larvae increase in age. 

3. From the autoradiograms, evidence was obtained to confirm earlier findings 
of the binding of iodine in pigmented areas, to show that the binding is apparently 
not associated with formed melanin, and to support the view that the same enzyme 
or enzymes that catalyze melanogenesis can catalyze the binding of iodine (pre- 
sumably with tyrosine). 

4. The accumulation of iodine by the horny teeth was inhibited to some degree 
by phenylthiourea treatment. 

5. Accumulation of radioiodine by the thymus gland was confirmed and was 
found to be completely inhibited by phenylthiourea treatment. 

6. The thyroid rudiment acquires the facility for concentrating iodine even 
before follicle formation begins, and at that time it also responds to the inhibitory 
action of phenylthiourea. 
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ENDOPARASITIC POLYCHAETOUS ANNELIDS OF THE FAMILY 
ARABELLIDAE WITH DESCRIPTIONS OF NEW SPECIES? 


MARIAN H. PETTIBONE 


Department of Zoology, University of New Hampshire, Durham, New Hampshire 


Among the polychaetes, which for the most part are free-living, crawling, 
burrowing, and tube-dwelling, commensalism is rather common but internal para- 
sitism is rare indeed. Among the relatively few cases that have been reported are 
some lumbrinerid-like polychaetes belonging to the superfamily Eunicea, which 
includes the families Eunicidae, Onuphidae, Lumbrineridae, Arabellidae, Lysareti- 
dae, and Dorvilleidae (sometimes considered as subfamilies belonging to the family 
Eunicidae). Some of the parasitic euniceans invade other members of the same 
superfamily and may attain an enormous size in proportion to the host. All of 
the known lumbrinerid-like parasites belong to, or show affinities to, the family 
Arabellidae as defined by Hartman (1944). 

In connection with a study of polychaete material from various sources, in- 
cluding that in the United States National Museum, some arabellids were found 
living as endoparasites in other polychaetes of the related family Onuphidae. 
Two new species are described herein, the types of which are deposited in the 
United States National Museum. Some small specimens of a third species, living 
parasitically in the onuphid, Diopatra, are thought to be the young stages of the 
arabellid, Notocirrus spiniferus (Moore). Since this interesting type of parasitism 
is not widely known and has not received the attention it no doubt deserves, the 
relatively few known cases of lumbrinerid-like species living in other polychaetes 
and echiuroids are reviewed and the chief characteristics of the Eunicea and Arabel- 
lidae to which the parasites belong are summarized. 


Superfamily EUNICEA 


\ll the members of the Eunicea are equipped with a complex series of strong, 
dark, chitinous or horny jaws. The pharynx is capable of protrusion and is pro- 
vided with a pair of ventral plates, called mandibles, and a more dorsal bilaterally 
arranged series of plates, called maxillae. The prostomium is distinct, with or 
without eyes or appendages. Typically the first two segments are apodous. The 


parapodia are essentially uniramous, the upper lobe or notopodium represented at 


most by a few embedded notoacicula and a rudimentary papilla-like lobe. The 
members of the Eunicea vary from those of minute size with a moderate number of 
segments to some very large ones with very numerous segments, some of which are 
among the largest of the polychaetes. They are essentially free-living, predaceous, 
and carnivorous. They secrete abundant mucus, which may aid in burrowing or 
forming temporary or more or less permanent tubes. 


‘ This study was aided by a grant from the National Science Foundation (NSF-G 2012). 
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Family ARABELLIDAE Hartman 


The arabellids show a superficial resemblance to the members of the Lumbri- 
neridae, differing from them in setal and pharyngeal characters. They have the 
body elongate, cylindrical, of nearly uniform width, and tapering slightly anteriorly 
and posteriorly. The prostomium is reduced to a simple, conical or flattened 
spatulate lobe, without appendages, with or without eyespots on the posterior 
margin. The first two segments are distinct, apodous, and without appendages. 
The parapodia are essentially uniramous ; the notopodia sometimes represented by a 
minute papillar lobe (sometimes referred to as a reduced dorsal cirrus) with em- 
bedded notoacicula ; the neuropodia are unequally bilobed, with shorter rounded and 
longer digitiform postsetal lobes. The neurosetae are simple (not compound), 
limbate, and taper to fine tips; 


in addition they sometimes have projecting thick 


TABLE I 


Parasite Host and Distribution 


Eunicidae: Marphysa sanguinea (Montagu). Mediter 
ranean 


Notourrus sp. (young) 


Notocirrus ?spiniferus 
Moore) (young) Massachusetts 
Terebellidae: Terebellides stroemii Sars. Off Sweden, 
130 meters 


Haematocle ptes terebellidis 
Wirén 


Syllidae: Odontosyllis ctenostoma Claparéde, Syllis pro 
lifera Krohn, Eusyllis monilicornis Malmgren, Piono- 
syllis Lamelligera Saint-Joseph, Grubea clavata (Clapa- 
réde) 


Labrorostratus parasiticus 
Saint-Joseph 


Oligognathus bonelliae Echiuroidea: Bonellia viridis Rolando. Mediterranean 
Spengel 


Oligognathus parasiticus 
Cerruti 


Spionidae: Spio mecznikowianus Claparéde. Mediter 
ranean 


Terebellidae: Genus and species? Near Timor, Dutch 
East Indies, 73 meters 


Drilonereis parasiticus 
(Caullery ) 


Eunicidae: Eunice sp., possibly E. antennata Savigny. 
San Benito Island, Lower California, 66-81 fathoms 


Drilonereis forcipes 
(Hartman) 


Onuphidae: Onuphis magna (Webster). 
Florida, 12 fms. 


Drilonereis benedicti n. sp. Tampa Bay, 


Onuphidae: Onuphis (Nothria) conchylega Sars. Off 
Massachusetts to off Virginia, 101-317 fms. 


Drilonereis caulleryi n. sp. 


acicular setae or acicula (without hooded hooks as in the Lumbrineridae). 
The eversible proboscis is 
usually with a pair of ventral, 


parapodia have no dorsal or ventral cirri or branchiae. 
equipped with strong, chitinous, black jaw pieces: 


Onuphidae: Diopatra cuprea (Bosc). Woods Hole region, 
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The 


flat plates, the mandibles; with 4 or 5 pairs (may be fewer in parasitic forms) of 
more dorsal maxillae arranged in parallel rows, with a pair of long filiform carriers 


to which 


row readily but rather slowly in sand or mud. 
which probably serves to lubricate the burrow. 


a shorter median unpaired piece is attached on the ventral side. 
arabellids are essentially a burrowing, predaceous, carnivorous group. 
They secrete a 


The 
They bur- 


good deal of mucus, 


Some of the arabellids are parasitic in other polychaetes (eunicids, onuphids, 


syllids, terebellids) and in echiuroids (Bonellia), living inside the body cavity or 
vascular body wall or even in the vascular system of the host, at least during their 
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early developmental stages. The eight previously reported parasitic arabellids, 
along with the two species described herein, are summarized in Table I and in the 
illustrated Key to the genera and species. 


ILLUSTRATED KEY TO THE GENERA AND SPECIES OF 
PARASITIC ARABELLIDAE 


[Figures are copied from the original descriptions. a, anterior end; b, parapodium; c, setae; 
d, mandibles ; e, maxillae and maxillary carriers; f, maxillae] 
A!,. Numerous specimens in single host. 
B1. Parasitic in body cavity of Marphysa sanguinea . . . Notocirrus sp. (young). 
(See below under N. spiniferus.) 
B2. Parasitic in body cavity and vascular body wall of Diopatra cuprea 
Votocirrus ?spiniferus (young). (See Figs. 4, g and 5.) 

A*. One parasite per host. 

C!. One to three pairs of rudimentary maxillae, with single elongate rodlike maxillary 
carrier. Mandibles present. 

D!. Maxillae a single pair of curved rods, each curved tooth at base. Setae and acicula 
not projecting from lobe. Mandibles paired, triangular. Prostomium without 
eyes. (Up to 25 mm. long, about 200 segments. Colorless.) Parasitic in peri- 
intestinal blood sinus of Terebellides stroemt. . . . Genus Haematocleptes Wirén 


H. terebellidis Wirén 


D2. Two or three pairs of maxillae. Setae projecting from parapodial lobe. 
E!. Maxillae two pairs of very small denticled pieces. Mandibles wing-shaped, 
each with a spine. Setae all of one kind, limbate, smooth, tapering to long 
flexible tips. Prostomium with four eyes in transverse row. (Up to 70 
segments.) Parasitic in body cavity of syllids, Odontosyllis ctenostoma, 
Syllis prolifera, Eusyllis monilicornis, Pionosyllis lamelligera, Grubea clavata. 
Also found free among calcareous algae, Lithothamnion. 


Genus Labrorostratus Saint-Joseph L. parasiticus Saint-Joseph 
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F2 Maxillae three pairs recurved unidentate hooks. Mandibles U-shaped, with 
two wing-like pieces or rods united by transverse band... . Genus 
Oligognathus Spengel 

F1, Setae of one kind, simple, arched, limbate, striated. Prostomium with four 
eyes. (Up to 100 mm. long, more than 200 segments. Bright orange 
yellow.) Parasitic in body cavity of echiuroid, Bonellia viridis. 


O. bonelliae Spengel 


F2. Setae of two kinds: capillary, flexible and stouter, wide, tapering to fine 


tips. Prostomium without eyes. (Up to 8 mm. long. 50 segments. 
Colorless, transparent.) Parasitic in body cavity of spionid, Spio 
mecenikowtanus. 


O. parasiticus Cerruti 
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SSE 


A 


Four pairs of well developed maxillae, with pair of elongate rodlike maxillary carriers 
and shorter unpaired piece (basal or maxillae I large, strong, hooked, forceps-like; 
maxillae II rectangular plates, sometimes denticled; maxillae III and IV each a 
single strong thorn-like tooth). Mandibles absent. Parapodia with heavy acicula 
or acicular setae, the tips of which usually protrude. Prostomium without eyes. 

Genus Drilonercis Claparéde (includes Labidognathus Caullery; see below). 

G!. Parasitic in peri-intestinal blood sinus of terebellid (unidentified). With bilimbate 
setae and single stout acicular seta extending out of parapodial lobe. Maxillae 
Il edentate (?, incompletely observed). (More than 100 segments). . D. 
parasiticus (Caullery) 


G*. Parasitic in body cavity of branchial fragment of eunicid, Eunice sp., possibly 
E. antennata. With bilimbate setae and single stout yellow aciculum, the latter 
not extending out of parapodial lobe. Maxillae II flat plates, practically without 
teeth. (More than 140 segments, more than 30 mm. long.). ... D. forcipes 
(Hartman) 
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G3. Parasitic in body cavity of onuphids. Maxillae II rectangular plates, each with 
four distinct teeth. 

H1. Parasitic in branchial fragment of Onuphis magna. Without setae or acicular 
setae visible externally (even in a specimen of more than 1200 crowded 
segments and more than 240 mm. long)... . D. benedicti n. sp. See Fig. 
1, a-g. 

H2. Parasitic in anterior fragment of Onuphis (Nothria) conchylega. With 
limbate setae and single stout acicular seta extending from lobe (except in 
smaller specimens; up to 400 segments, 110 mm. long). ... D. caulleryi 
n. sp. See Fig. 2, a-o. 


The parasitic arabellids may be separated into two main groups. The first in- 
cludes those species of which numerous specimens are found in a single host. 
Within a single host, they may be found in varying stages of development, from 
small specimens, with few segments, no eyes, and no jaws, to larger ones, with 
numerous segments, eyes, developing jaws, parapodia, and setae. The two re- 
ported cases are thought to be the young stages of species of Notocirrus. When 
first observed by Koch (1847), they were reported as a lumbrinerid-like stage of 
the young of the presumably viviparous eunicid host, Marphysa sanguinea; this 
species lives in a loose mucous tube, irregularly encrusted with rocks, shells, and 
such. Similar forms have since been found in the onuphid, Diopatra cuprea, 
which lives in a parchment-like tube, one end of which is buried in the sand or mud, 
the other end sticking out of the substratum and covered with shells, plant debris, 
etc. The parasites evidently penetrate the host at an early stage, just how early 
and the mechanism for penetration being unknown. They grow and develop within 
the host to an advanced stage, when they evidently leave the host and perhaps con- 
tinue to grow and mature, taking on a free-living existence. 

The other type of parasitism is the condition where a single parasite is found in 
a host and where the parasite may attain enormous dimensions in comparison to 
the host, becoming nearly as large or larger than the host or host fragment. They 
evidently penetrate the host at an early stage also and grow to an advanced stage, 
perhaps even completing their growth within the host. The parasite may be com- 
pletely enclosed in the host or part of it may protrude. Perhaps it matures after 
leaving the host, as sex products have not been observed in the parasites found in 
the host. 

The parasitic arabellids appear to be rare. Most of the records of the different 
species have been based on single specimens. In a long study from 1875 to 1888 at 
Dinard, Saint-Joseph (1888) observed only 14 examples of Labrorostratus para- 
siticus in the body cavities of several species of syllids. After numerous years of 
microscopical examination of numerous syllids, Caullery and Mesnil (1916) ob- 
served only a single parasite of the same species. Considering that the syllids are 
small and somewhat transparent and that the parasites may be as much as three- 
fourths of the length of the host, the presence of the parasites would probably be 
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noted. Where the host is larger and opaque, the parasites would be observed only 
accidentally in fragmented or dissected specimens. 

Four of the parasitic species belong to the genus Drilonereis, which also includes 
free-living species. The maxillae and maxillary carriers are well developed. In 
D. caulleryi n. sp. the parapodial armature develops gradually; first the heavy 
aciculum appears, then the setae, only the tips of which project at first, then the 
setae project further and the tips of the heavy acicula finally protrude. In D. 
benedicti n. sp. the acicula and setae are rudimentary and do not project from the 
parapodial lobes, even in a specimen of more than 1200 crowded segments. The 
parasitic genera, Oligognathus Spengel, Labrorostratus Saint-Joseph, and Haemato- 
cleptes Wirén, have the maxillae more rudimentary than in Drilonereis, with a 
single elongate rodlike maxillary carrier, darker toward the outside. Haematocleptes 
terebellidis shows the most rudimentary condition, having only a single pair of 
maxillae and the setae and acicula not projecting from the parapodial lobe. 


Genus Drilonereis Claparéde, 1870 


Type (by original designation) : D. filum (Claparéde, 1868). 
Labidognathus Caullery 1914; type (by monotypy) : L. parasiticus Caullery, 1914. 


Diagnosis. Prostomium conical to spatulate, flattened ventrally, usually with 
central depression dorsally, without eyes or appendages. First two segments 
apodous and achaetous, first sometimes partially fused dorsally to prostomium. 
Parapodia with dorsal lobe or notopodium usually small, rudimentary, with a 
few embedded notopodial acicula; neuropodium with two unequal lips, supported 
by acicula. Setae all simple, of two kinds: (1) bilimbate or winged, tapering to 
fine tips, smooth or faintly striated (not denticled) ; (2) 1-2 stout acicular setae 
with tips protruding from parapodial lobe; (in some parasitic forms, setae may be 
rudimentary, not extending out of parapodial lobes). Pharynx with mandibles 
or lower jaws rudimentary or absent; maxillae or upper jaws 4-5 pairs, sym- 
metrical, dark, chitinous, supported by a pair of long slender maxillary carriers and 
a shorter unpaired piece; basal maxillae I large, heavy, falcate pincers or forceps; 
maxillae II rectangular plates, usually denticled; maxillae II] and IV with one to 
few teeth; maxillae V rudimentary or absent. 

Remarks. Labidognathus is herein referred to Drilonereis. The type species 
of the former, L. parasiticus Caullery (1914, p. 490), was found living as a parasite 
in a terebellid (not yet described) near Timor, Dutch East Indies; the parasite was 
found in the peri-intestinal blood sinus, coiled in a complicated manner around the 
intestine of the host. According to Caullery, both the host and parasite were in 
rather poor condition ; the jaw apparatus of the parasite was not studied completely. 
Hartman (1944, p. 180) noted the affinities of Labidognathus with Drilonereis and 
described a new species, L. forcipes, found in the body cavity of a fragment of a 
species of Eunice from San Benito Island, Mexico. In addition two new species 
are described below. Because of the scarcity of material of the parasites, it is 
difficult to work out the developmental stages. As indicated below for the four 
specimens of Drilonereis caulleryi n. sp., parasitic in Onuphis conchylega, there are 
differences in the development of the jaws and parapodia in different stages of 
growth, The four parasitic species of Drilonereis show essentially the characters 
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of the genus. They all lack mandibles and have four pairs of maxillae, of which 
maxillae I are stout falcate hooks and maxillae III and IV each a single stout 
conical hook. The parasites were found singly, one to a host. The hosts, at least 
when collected, were either anterior or middle fragments, with the parasites pro- 
truding and exposed in part. 


Drilonereis benedicti n. sp. 
Fig. 1, A-G 


The species is known from a single specimen, incomplete posteriorly (U.S.N.M. 
No. 28637), found in a fragment of 18 segments from the branchial region of 


Figure 1. Drilonereis benedicti n. sp.: A, Lateral view anterior end; B, dorsal view 
anterior end; C, left parapodium from setiger 10, anterior view; D, same from about setiger 300; 
E, right parapodium from about setiger 600, anterior view; F, four pairs maxillae and maxillary 
carriers, dorsal view (more ventral unpaired piece not shown); G, maxillae II, enlarged. 


Onuphis magna (Andrews), North Channel into Tampa Bay, Florida, 12 fms., 
Fish Hawk Sta. 7108, 1901, Dr. J. E. Benedict, collector. The parapodia of the host 
fragment were compared with those of an incomplete specimen of O. magna found at 
the same station. The middle part of the parasitic Drilonereis extended through 
the body cavity of the host fragment, the greater part of the anterior and posterior 
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ends of the parasite being exposed. It is named for the collector, who evidently 
put it aside to be worked up later. 

Description. Length of incomplete specimen 240 mm., greatest width 1.5 mm., 
segments more than 1200. Body cylindrical, with segments slightly longer an- 
teriorly becoming very short and crowded posteriorly, colorless (in alcohol), shiny 
iridescent anteriorly, dull posteriorly. Prostomium (Fig. 1, A, B) conical, rounded 
anteriorly, flattened ventrally, with a longitudinally depressed area mid-dorsally. 
First two segments achaetous, subequal to the following, first with mid-dorsal 
nuchal notch. Parapodia (Fig. 1, C-E) similar along length of body, small, un- 
equally bilobed, with shorter rounded and longer thick digitiform lobes. No setae 
exposed external to lobes; internally few notopodial acicula extending into base 
of rudimentary low notopodial lobe and larger group of neuropodial acicula and 
setae with tips extending into the short neuropodial lobe; one of the acicular group 
is much stouter, probably corresponding to the stout acicular seta characteristic of 
Drilonereis. Proboscis without mandibles and with four pairs maxillae. Maxillae 
(Fig. 1, F, G) well developed, dark, with a pair of long, dark filiform maxillary car- 
riers and short oval unpaired piece, dark anteriorly, light amber-colored posteriorly ; 
basal maxillae I stout, falcate, hooked; maxillae II rectangular plates, each with 
four distinct teeth and slight indication of a fifth; maxillae III and IV each a single, 
large, thorn-like tooth. 

Remarks. D. benedicti differs from the other parasitic species of Drilonerets in 
the complete absence of exposed setae, even in a specimen of more than 1200 seg- 
ments. The host normally lives in a parchment-like tube. Perhaps the host frag- 
ment moves along in the tube carrying the parasite with it. Possibly the parasite 
at this stage feeds for itself, as the anterior and posterior ends were exposed. 
There is also the possibility that the host fragmented at the time it was collected. 


Drilonereis caulleryi n. sp. 
Fig. 2, A-O 


The species is represented by four specimens, each of which was found living 
parasitically in anterior fragments of Onuphis (Nothria) conchylega Sars, collected 
by the Fish Hawk and Albatross off Martha’s Vineyard, Massachusetts, and off 
Cape Henry, Virginia, from 1880 to 1883. Two of the four specimens are small, 
showing different developmental stages. The specimen designated as the type 
(U.S.N.M. No. 12867) is complete and was found coiled inside a host of about 40 
anterior segments. The largest paratype (U.S.N.M. No. 8987) consists of an 
anterior end of 25 mm. and a posterior end of 10 mm. protruding from the posterior 


Figure 2. Drilonereis caulleryi n. sp.: A, Habit sketch of parasite and host (2) ; B, dorsal 
view anterior end (1); C, dorsal view posterior end (1); D, lateral view anterior end, proboscis 
partially extended (2); E, ventral view same; F, left parapodium from setiger 20, anterior 
view (1); G, right parapodium from middle of body, anterior view (1); H, limbate setae 
from same; I, acicular seta from same; J, four pairs maxillae and maxillary carriers, dorsal view 
(more ventral unpaired piece not shown) (2) ; K, right maxillae II-IV, enlarged; L, dorsal view 
anterior end of slightly coiled smaller paratype, proboscis partially extended (3) ; M, parapodium 
from setiger 10 of same; N, slightly lateral view anterior end of smallest paratype (4) ; O, para- 
podium from setiger 12 of same. (1) type specimen; (2) largest paratype specimen; (3) 
smaller paratype specimen; (4) smallest paratype specimen. 
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end of the host fragment of 18 segments, the middle part of the parasite being 
inside the host (Fig. 2, A). A smaller paratype (U.S.N.M. No. 28636) occupied 
setigers 8-18 of an anterior fragment of a host of 18 segments; the posterior end 
of the parasite protruded from the posterior end of the host fragment. A very small 
paratype (U.S.N.M. No. 28635) was found in a host fragment of 17 segments; the 
anterior end of the parasite was sticking out dorsally between setigers 15 and 16, 
the posterior end was protruding ventrally between the same segments. The 
species is named for Dr. Maurice Caullery, who described the first parasitic 
drilonereid (as Labidognathus). 

Description. Length up to 110 mm., greatest width up to 1 mm., segments 
up to 400 or more. Body cylindrical, shiny iridescent. Prostomium (Fig. 2, B, 
D, E) conical, rounded anteriorly, flattened ventrally, with a mid-dorsal depressed 
area. First two segments apodous and achaetous, subequal to the following, 
first with mid-dorsal nuchal notch. Anal end (Fig. 2, C) short, cylindrical, tapering 
to pair of short bulbous lobes (no distinct anal cirri). Parapodia (Fig. 2, F, G) 
similar along length of body, short, unequally bilobed, with shorter rounded and 
longer, thick digitiform lobes. Two larger specimens with two kinds of setae 
projecting from parapodial lobe: 4-5 bilimbate, straight and curved setae, tapering 
to slender tips, faintly striated (not denticled; Fig. 2, H); also single yellowish 
stout, pointed acicular seta (Fig. 2, I) ; with additional internal neuropodial acicula 
as well as few notopodial acicula, the tips of which extend into short bulbous rudi- 
mentary notopodium ; posterior end of body with tips of limbate setae only project- 
ing from parapodial lobes. Smaller specimen (12+ mm. long, 0.6 mm. wide) with 
tips of limbate setae only extending out of lobe, stout acicular seta being visible 
inside lobe (Fig. 2,1, M). Smallest specimen (5 + mm. long, 0.3 mm. wide) with 
no setae projecting, single stout acicular seta being visible inside parapodial lobe 
(Fig. 2, N, O). Proboscis, when partially extended, appearing as three bulbous 
lobes (Fig. 3, D, E) ; no mandibles; maxillae four pairs, well developed, dark, with 
pair of long filiform carriers and shorter wide oval unpaired piece, dark anteriorly, 
lighter more posteriorly (Fig. 2, J, K) ; maxillae I stout, falcate, forceps-like ; maxil- 
lae II rectangular plates, each with four distinct teeth; maxillae III and IV each a 
single large hooked thorn-like tooth. In smaller specimen, maxillary forceps and 
slender carriers visible through transparent body wall (Fig. 2, L). In smallest 
specimen (Fig. 2, N) only maxillary carriers visible. 

Remarks. D. caulleryi differs from the other parasitic species of Drilonerets 
as indicated in the key above. As shown in the three developmental stages found 
in the four specimens, the maxillary carriers develop first, then the stout maxillary 
forceps ; in the parapodia, the stout acicular seta appears first, then the limbate setae, 
the tips of which may protrude, the stout acicular seta not protruding (this would 
correspond to the condition described for D. forcipes by Hartman) ; finally the 
limbate setae protrude further and the tips of the stout acicular setae protrude. 
The host, Onuphis conchylega Sars, occupies a flat parchment-like tube encrusted 
with flattened pieces of rocks and shells. All four host specimens are anterior 
fragments. The parasite may be completely enclosed in the host fragment or a 
portion of the parasite may stick out, revealing its presence. The parasite perhaps 
gets into the host by encouraging it to fragment; none of the fragments showed 
any signs of regeneration, although O. conchylega fragments and regenerates read- 
ily. 





ENDOPARASITIC POLYCHAETOUS ANNELIDS 181 


Material examined. ‘Type: off Martha’s Vineyard, Massachusetts, 39° 53’ N., 
69° 47’ W., 317 fms., soft green mud, Fish Hawk Sta. 1096, 1882. Paratypes: 
40° 02’ N., 70° 23’ W., 115 fms., mud, fine sand, Fish Hawk Sta. 871, 1880; 40° 
02’ N., 70° 37’ W., 101 fms., grey mud, fine sand, Fish Hawk Sta. 1108, 1882; 
off Cape Henry, Virginia, 37° 19’ N., 74° 26’ W., 102 fms., green mud, shell, 
Albatross Sta. 2004, 1883. 

Distribution. Atlantic, off Massachusetts to off Virginia. 101 to 317 fathoms. 


Genus Notocirrus Schmarda, 1861, emend. Ehlers, 1868 
Type (designated by Ehlers, 1868, p. 406) : N. chilensis Schmarda, 1861. 


Diagnosis. Prostomium conical, without appendages, usually with 4 eyespots. 
First two segments apodous and achaetous. Parapodia with dorsal lobe or noto- 
podium represented by small rudimentary lobe and few notopodial acicula ;-neuro- 
podium unequally bilobed, supported by stout acicula, the tips of which project 
(except in young developing stages). Setae all simple, bilimbate or winged, 
tapering to fine tips, striated and finely to coarsely denticled along limbate border. 
Pharynx with pair of wing-shaped, dark chitinous mandibles or lower jaws; 
maxillae or upper jaws 4-5 pairs, dark, chitinous, denticled, supported by pair of 
long filiform maxillary carriers and shorter unpaired piece; maxillae I and II 
asymmetrical, maxillae I dentate throughout entire length or only slightly falcate 
or with short hook distally. 

Remarks. Notocirrus has affinities with Arabella, having similar prostomia and 
pharyngeal jaws; both have limbate setae with denticled border. Notocirrus also 
has affinities with Drilonerecis, both having stout acicula or acicular setae which 
project from the parapodial lobes. A species of Notocirrus is herein reported to be 
parasitic in an onuphid (Diopatra) during its early development. 


Notocirrus spiniferus (Moore, 1906) 
Figs. 3-5 
Arabella spinifera Moore, 1906, p. 501, pl. 19, figs. 1-7. 


The species was described from a single specimen which was dredged on muddy 
bottom in the middle of Buzzards Bay, Massachusetts. No additional records have 
been reported. In working over a good deal of material collected in New England 
and vicinity, four additional free-living specimens were found. The species appears 
to be rare but, due to its superficial resemblance to the more common Arabella 
iricolor, it may be confused with that species in collections. The four specimens 
were obtained from the following sources: Buzzards Bay, Massachusetts, 1956, 
H. Sanders, collector; off Cape Henry, Virginia, Chesapeake Bay, 9 fms., shelly 
and sand, Fish Hawk Sta. 8838, 1920; Isle of Wight Bay above Ocean City, Mary- 
land, 1953, S. McDowell, collector; Beaufort, North Carolina, 1951, E. Cole, 
collector. 

In addition two of the specimens found living parasitically in the body cavity 
of Diopatra cuprea (Bosc), collected by M. Jean Allen at Hadley Harbor, 
Nonamesset Island, Woods Hole region, Massachusetts, were examined. They ap- 
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Figure 3. Notoctrrus spiniferus. Drawn from specimen from Buzzards Bay: A, Dorsal 
view anterior end; B, same, ventral view; C, parapodium from setiger 10, posterior view; D, 
limbate seta from same; E, limbate seta from setiger 100; F, tip of one of acicula from same; 
G, mandibles, ventral view; H, left maxillae, I-1V, dorsal view; I, right maxillae, I-IV, dorsal 
view ; J, left maxillae spread apart; K, right maxillae spread apart. 


pear to be the young of a Notocirrus, possibly that of N. spiniferus. In a note 
recording the find of more than 50 parasitic specimens in a single specimen of 
Diopatra, Allen (1952) indicated that they might be the young of Arabella iricolor 
but the parapodia differ from that species as indicated below. 
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Description of specimens found free-living. Length 40-110+ mm., width 14 
mm., segments 140-220+. Body cylindrical, tapering slightly anteriorly and 
posteriorly, stiff, wiry. Prostomium (Figs. 3, A, B; 4, A, B) subconical, rounded 
anteriorly, slightly depressed dorsoventrally but not greatly flattened as in Drilo- 
nereis; a pair of faint longitudinal grooves ventrally and four eyes in transverse row 
at posterodorsal border, rather than two eyes as reported by Moore. First two seg- 
ments achaetous and apodous, first with mid-dorsal nuchal notch. Parapodia 
(Figs. 3, C; 4, D) prominent, similar along length of body, with small but distinct 
notopodium supported internally by few notoacicula; neuropodium bilobed, with 


4a 
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Figure 4. Notocirrus spiniferus. Drawn from specimen from Isle of Wight Bay (A-F): 
A, Dorsal view anterior end; B, lateral view same; C, dorsal view posterior end; D, parapodium 
from middle of body; E, mandibles, ventral view; F, five pairs maxillae and maxillary carriers, 
dorsal view (more ventral unpaired piece not shown). G, Dorsal view anterior end of small 
specimen of Notocirrus ?spiniferus, living parasitically in Diopatra cuprea, Woods Hole region. 


short rounded setal lobe and longer, prominent digitiform postsetal lobe (some- 
times referred to as ventral cirrus or cirriform branchial organ), within which is a 
vascular loop. Setal lobe with 1-3, usually 2, stout, deep yellow acicula, the tips 
of which project out of lobe (thus differing from Arabella, which has no stout 
projecting acicula) ; acicular tips bluntly pointed, tapered abruptly to short fine tips, 
or sometimes obviously broken (Fig. 3, F). , Setal lobe with 4-8 bilimbate, doubly 
curved setae with fine tips, with wings wide, striated and finely denticled along 
border, sometimes with a few coarser denticles near base of wing (Fig. 3, D, E). 
Anal end (Fig. 4, C) tapered to pair of short bulbous lobes, each with very short 
rudimentary anal cirrus. 
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Figure 5. 
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Proboscis, when partially extended, appears as bulbous bilobed tongue with 
pair of lateral lobes. Ventral mandibles (Figs. 3,G; 4, E) well developed, brown 
or black, wing-shaped, sometimes with exposed white tips. Five pairs of dorsal 
jaws or maxillae (Figs. 3, H-K; 4, F), with pair of long slender carriers, thickened 
distally and subdistally, and shorter unpaired piece; fifth pair, consisting of single 
tooth, easily confused with the fourth, to which it is closely allied. First two or 
basal pairs of maxillae asymmetrical. Right maxilla I longer than left, with up to 
10 denticles along length of inner border and without distal hook; left maxilla 
I with up to six basal teeth and distinct distal hook. (Moore, in figure of the type, 
showed distal hooks on both first maxillae and fewer teeth.) Left maxilla II much 
larger than right, completely overlapping left maxilla I and extending down to 
maxillary carriers, with up to 12 or 13 teeth; right maxilla II partially overlapping 
right maxilla I, with up to 8 or 10 teeth. Maxillae III to V symmetrical, III each 
with 6 teeth, IV each with 5 teeth, and V each a single tooth, without basal ex- 
tension as in other maxillae. (The last may appear to blend in with maxillae IV 
and this may have led to Moore’s count of only four pairs of maxillae.) Color 
(in alcohol) yellowish to brownish, iridescent. 

Description of two young specimens of Notocirrus ?spiniferus, living parasiti- 
cally in Diopatra cuprea. The larger parasitic specimen is 25 mm. long, 1.5 mm. 
wide, and consists of almost 200 segments. The smaller specimen is 12 mm. long, 
0.5 mm. wide, and contains about 150 segments. Prostomium of smaller one 
(Fig. 4, G) conical, bullet-shaped, that of larger one (Fig. 5, A-C) more elongated, 
bulbous basally; both show four eyes in transverse row. Parapodia of smaller 
specimen showing characteristic bilobed form, without setae projecting except for 
first two setigerous segments in which a single seta projects; each of setal lobes 
provided with stout aciculum (appears dark basally). In larger specimen, para- 
podia of anterior region (Fig. 5, E) with four limbate setae and single stout aciculum ; 
those of middle region (Fig. 5, H) with two limbate setae and tip only of a third 
one projecting ; those of posterior region (Fig. 5, K) with single limbate seta and 
tip of a second one projecting ; notopodia small but distinct, with tip of notaciculum 
extending into lobe. Limbate setae with long fine tip, curled backward, distinctly 
denticled along limbate border (Fig. 5, F, 1) ; stout projecting acicula with fine short 
tips (Fig. 5,G, J). Thus parapodia essentially as in larger free-living specimens of 
Notocirrus spiniferus except for fewer acicula and setae. Anal end of small speci- 
men tapering gradually to cylindrical posterior end, without distinct anal cirri; that 
of larger specimen (Fig. 5, D) essentially as in N. spiniferus. Pharynx, when 
partially extended, appears as three-lobed structure, the middle lobe rounded, 
tongue-like, consisting of pair of lobes (Fig. 5, B). Jaw parts of smaller specimen 
(Fig. 4, G) not dissected but darker paired mandibles and maxillary carriers visible 
through the somewhat transparent body wall, maxillary carriers appearing as single 
elongated rod. Jaw parts of larger specimen, when dissected out, showing well 


Ficure 5. Young Notocirrus ?spiniferus, parasite taken from body cavity of Diopatra 
cuprea, Woods Hole region: A, Laterodorsal view anterior end; B, ventral view same; C, lateral 
view same; D, dorsal view posterior end; E, parapodium from setiger 10; F, limbate seta from 
same; G, aciculum with projecting tip from same; H, parapodium from middle of body; I, 
limbate seta from same; J, aciculum with projecting tip from same; K, parapodium from 
posterior part of body; L, mandibles, ventral view; M, developing maxillary carriers and 
maxillae, dorsal view. 
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developed mandibles (Fig. 5, L), and incompletely developed maxillae (Fig. 5, M) 
with elongated rodlike maxillary carriers (appearing as single rod but darker aeaid 
the outside), and developing denticled maxillae, indicated by slightly darker amber- 
colored areas on walls of pharynx. 

Remarks. The smallest parasites reported by Allen were composed of seven 
segments; some specimens of 30 segments showed no eyes or setae; the largest 
specimen reported was 50 mm. long and was composed of about 200 segments. 
These parasites had not emerged naturally from the host. Thus they live a para- 
sitic life for a considerable period. The smaller specimens were in the body wall 
of the host near the parietal blood vessels, the larger ones were free in the body 
cavity. A few large parasites were observed emerging from the body cavity of 
Diopatra by Dr. Frank Brown (Allen, 1952), but the lengths and the developmental 
stages of these specimens were not indicated. It may be that the parasites remain 
in Diopatra until the jaw parts are completely developed; they were not completely 
developed in the largest specimen I was able to examine. It is unknown how the 
parasites get into the host. Perhaps the eggs of Notocirrus are laid and fertilized 
within the tube of Diopatra. Notocirrus, being a burrowing form, could enter the 
parchment-like tube of Diopatra on the buried end which, as far as has been ob- 
served, is open. In some way, the fertilized eggs or young at a very early stage 
get into the body cavity of Diopatra. The posterior end of Diopatra is soft and 
flaccid and fragments easily; perhaps the young are able to bore into the broken 
fragmented end of the host. Dtopatra regenerates readily also. One host, found 
by Allen, contained about 30 small parasites, composed of from 7 to approximately 
30 segments ; another host contained over 50 parasites of varying sizes, some up to 
50 mm, in length. 

In this connection, it may be of interest to mention the observation made by 
Koch (1847) of filamentous lumbrinerid-like forms crawling out of a broken 
truncated posterior end of a strongly contracting specimen of Marphysa sanguinea, 
which was dredged at considerable depth in the Mediterranean. On further exami- 
nation of the Marphysa, he found numerous young specimens in the body cavity, 
in various stages of development; the smallest were small roundish microscopic 
forms with only slight indication of a few segments and without eyes; a more ad- 
vanced stage of 25-30 segments showed a distinct prostomium with 2 eyes, para- 
podia with stout aciculum only, and jaw apparatus in early stages of development; 
a still more advanced stage of 50-100 segments showed a distinct prostomium with 
4 eyes in a transverse line, parapodia with 2 stout acicula and a few setae confined to 
the parapodia; a still later stage of 100-120 segments showed the parapodia with a 
short rounded setal lobe and a longer postsetal lobe, with stout dark yellow acicula, 
the tips of which appear from Koch’s figure to project, as in Notocirrus or Drilo- 
nereis, and the jaw apparatus well formed (probably not completely formed). 
Koch thought that the specimens he observed were the young stages of a viviparous 
Marphysa sanguinea and that during its development, the young pass through a 
lumbrinerid-like stage. Ehlers (1868, p. 364), commenting on the observation 
of Koch, indicated that Koch had more likely observed parasitic forms of a 
lumbrinerid-like species living in M. sanguinea and that the latter was not vivi- 
parous; he stated that it was unreasonable to think that a young specimen of M. 
sanguinea of more than 100 segments would not show some of the characteristics 
of the adult, that of antennae, branchiae, characteristic setae, etc. In consideration 
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of the long jaw pieces (maxillary carriers) and the four eyes, Ehlers concluded that 
it might be a parasitic species of Arabella. The figures and description given by 
Koch suggest to me that the young developing stages in Marphysa that he observed, 
were the parasitic young stages of a species of Notocirrus, as indicated especially 
by the long maxillary carriers, the stout parapodial acicula, and the four eyes in a 


transverse row. 
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A DIURNAL ACTIVITY RHYTHM IN PLETHODON CINEREUS 
AND ITS MODIFICATION BY AN INFLUENCE 
HAVING A LUNAR FREQUENCY 


CHARLES L. RALPH} 


Department of Biological Sciences, Northwestern University, Evanston, Illinois 


It has become increasingly clear that many of the physiological processes in 
organisms do not occur at constant rates, even when the organism is in a constant 
laboratory environment. These fluctuations in rates are often of regular recurrence 
and may be designated as rhythms.* Various manifestations of these changes taking 
place within the organisms may be observed. Among them are rhythms of O,- 
consumption and CO,-production, locomotor activity, chromatophore pigment dis- 
persal and body temperature changes. 

Judging from the number of contributed works in the field of biological rhythms, 
locomotor activity has been more often utilized as an index to rhythmic behavior 
than any other kind of biological process. The simplicity of automatic recording 
devices needed, the long span of time over which animals may be used for such 
studies, and the minimal interference with the animals’ normal functioning, are some 
of the reasons why activity studies have been so popular. 

Among the earliest investigators of activity rhythms was Szymanski (1918), 
who demonstrated them in a variety of animals. Subsequently, studies of the 
activity rhythms of a host of animals have been made. Among them, to name only 
a few representative ones, are those of Ralph (1957) on the earthworm, Harker 
(1956) on Periplaneta americana, Brown (1954) on the oyster, Marx and Kayser 
(1949) on lizards, and Aschoff (1952) on mice. 

The diurnal rhythm is the one most commonly encountered in terrestrial organ- 
isms (reviewed by Welsh, 1938, and Kleitman, 1949). Among marine organisms 
both diurnal and tidal rhythms have been found associated together (Brown, 
Fingerman, Sandeen and Webb, 1953), but sometimes a tidal rhythm may be the 
only one apparent (Rao, 1954). Lunar periodicities in marine animals are well 
known (Korringa, 1947). 

That lunar influences may also be significant in the metabolic rhythms of ter- 
restrial organisms has been indicated by recent works (Brown, Freeland and Ralph, 
1955; Ralph, 1957). The present study was undertaken in order to examine the 
activity behavior of a terrestrial animal, the salamander, Plethodon cinereus, and 
to analyze it for lunar influences. 


1 Present address: Entomology Branch, Directorate of Medical Research, Army Chemical 
Center, Maryland. 

2 A rhythm, as used here, is defined as a definitely persisting, regularly recurring, quanti- 
tative change that continues after external stimuli are withdrawn. Rhythms can be roughly 
divided into (a) those of 24 hours (diurnal) or less, and (b) those of more than 24 hours (¢.g., 
lunar). They generally have a causal relation to external factors, but are to be distinguished 
from periodicities which are of extrinsic origin and which vary directly with environmental 
tactors. 
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ACTIVITY RHYTHM IN SALAMANDERS 


EXPERIMENTAL PROCEDURE 


Twenty-four adult Plethodon cinereus were collected on May 8, 1955, in a 
beech-maple forest near New Buffalo, Michigan. The animals were brought to the 
laboratory and placed in two 9-inch crystallizing dishes, the bottoms of which were 
covered with a moist sand layer and bits of wood debris. Small earthworms and 
sowbugs were provided as food and these were replenished frequently during the 
experiment. The dishes were placed in a slowly-moving stream of cold tap water. 

All work was carried out in a room designed as a photographic darkroom. 
There was one opening to the room, a door fitted with a light-baffle. Thermograph 
records of the air temperature a few inches above the running water in which the 
animals were kept throughout the experiment were taken between May 10th and 
26th. These showed no diurnal temperature variations, but rather only slow changes 
requiring several days. 

Continuous records of the locomotor activity of seven animals were obtained 
by the use of the same apparatus, and data were translated from the experimental 
records to tabular form in the same manner, as described by Ralph (1957) for the 
study of the earthworm. The recording device consisted essentially of seven 
rectangular platforms that rocked freely upon knife-blade bearings. Upon each 
platform was mounted a chamber consisting of a 334-inch Petri dish enclosing the 
bottom half of a 234-inch Petri dish, thereby forming a circular track one-half inch 
in width. Movement of the animal around this track resulted in different degrees 
of tipping of the platform. Platform movements were transmitted via a thread 
to a recording pen system that reproduced them on a sheet. of paper moving at a 
rate of two centimeters per hour. The recording apparatus occupied a position 
adjacent to the dish of reserve animals and the activity chambers were suspended 
about two inches above the water’s surface in order to keep the animals in the 
same cool air layer. 

From May 9th to 13th all the animals were exposed to alternating light, from 
6 A.M. to 6 p.m., and darkness, from 6 P.M. to6 a.m. The light source during this 
period was two 714-watt opalescent, incandescent lamps suspended about four feet 
above the animals. The form of the diurnal activity cycle under simulated day and 
night conditions was determined during this period. 

During the afternoon of May 13th a light-proof box was mounted over the 
water table in which the reserve animals were kept so that they could be main- 
tained in constant low illumination. The box was equipped with a light source at 
the top so that diffuse light of less than one foot-candle reached the salamanders. 
Also, the transparent glass covers of the activity chambers were replaced by black- 
painted covers in order to exclude all light. Thus, when the animals were in the 
reserve dishes they were under continuous and constant low illumination, and when 
placed in the recording apparatus they were in darkness. Twenty-nine days of 
continuous records for seven animals at a time were obtained under these con- 
ditions, 

A regular sequence of replacement was established at the outset of the experi- 
ment, so that only one or two animals were replaced daily. As the animals were 
removed from the chambers they were placed in one of the crystallizing dishes, while 
the replacement animal was randomly selected from the other dish. When the 
supply of animals was exhausted from one dish, replacement was started from the 
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dish that had been receiving the animals. Thus, each of the 24 animals participated 
in the study at least twice for approximately four days each time. 

In order to minimize any effects that the placing of a fresh animal in the ap- 
paratus might have on the data, the time of replacement was varied over the day 
from 8 a.m. to midnight. As a further precaution, the first three hours of the 
record produced by a fresh animal were not included in the data, since the animals 
tended to be hyperactive for several minutes after being placed in a chamber. 


RESULTS 
Diurnal rhythm 


The mean activity for the animals in alternating light and darkness is shown 
by Figure 1, A.* It will be seen that the animals were most active during the 
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Figure 1. (A) The average activity of seven salamanders for about five consecutive days 
while exposed to light from 6 A.M. to 6 P.M. and darkness from 6 P.M. to 6 A.M. (B) The 
average activity of seven salamanders for 29 consecutive days. Their activity was recorded 
while they were in darkness. (C) The influence of the lunar-day frequency on the activity of 
the salamander, as demonstrated by analysis for lunar effects. (See text for explanation.) The 
times of zenith for the 29-day period were synchronized in column 6 for this analysis. 


dark hours and least active during the light hours. A more complete analysis of 
the exact form of this curve will be presented in the discussion. 

Table I shows the mean activity when the animals were in dark chambers. 
These data represent hourly determinations for 29 consecutive days. The mean 
values for seven animals for each hour were placed in the table under the hour on 
which the determination ended. 

3 All graphs in this paper are plotted from sliding averages of three adjacent values. For 


example, the averages of the 2, 3, and 4 p. M. columns were averaged to give the 3 p.m. value. 
This technique is useful for smoothing curves and shows trends more clearly. 
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The data were first analyzed to find the mean activity for each hour of the day. 
All 24 columns were averaged and the results are plotted in Figure 1, B. The 
form of this variation is similar, in a general way, to that obtained when the animals 
were exposed to alternating light and darkness. There are conspicuous differences 
between them, however, and these will be discussed later. 


Lunar analysis 


The data of Table I were inspected for a lunar influence before they were sub- 
jected to a detailed analysis. First the data for each day were plotted, each day 
under the preceding one, and then a line representing lunar zenith was drawn 
across the plots, intersecting the abscissae at the time of zenith. Since the moon 
reaches zenith for any given locality approximately 50 minutes later each day, the 
line representing zenith intersected the time scales about 50 minutes later with 
each successive day. 

Upon close examination of these plots, it was seen that the activity pattern for 
each day had certain unique variations, but generally bore a similarity to the mean 
pattern for the 29 days. However, it was noted that when zenith occurred at 
times of usually moderate or high activity the level of activity was generally low 
for a few hours before and after the time of zenith. That is to say, when zenith 
occurred during the “night hours,” which were usually the times of greatest ac- 
tivity, depression of activity resulted. 

On the starting day of this 29-day study, May 14th, the moon was in third, or 
last, quarter and thus the time of zenith was approximately 6 a.m. On May 2lst 
new moon occurred with the time of zenith at noon. First quarter, with zenith 
at approximately 6 p.M., was on the 28th of May and full moon, with zenith at mid- 
night, occurred on June 5th. 

It may be postulated that the mean activity for any one day would tend to be 
high if zenith occurred during the times of normally low activity and would tend 
to be lower if zenith occurred during the times of high activity. Therefore, if one 
plots the mean activity for each day for one lunar month, the resulting curve should 
be essentially the inverse of the mean hourly activity curve, provided the lunar effect 
is operative in the postulated manner. A comparison of Figure 2, which shows the 
daily means for a lunar month, with Figures 1, A or 1, B, the hourly mean curves, 
bears out this hypothesis. This would then suggest strongly that a lunar zenith 
effect is operative; it is a depressive effect, and the time at which zenith occurs 
does indeed appear to determine to some extent the mean activity for any one day. 

A second method of demonstrating the presence of an apparent lunar modifica- 
tion of the diurnal rhythm was applied in the following manner. If the hourly 
averages of the days between third quarter and new moon are found, a pattern of 
activity variation essentially like the average for the entire 29 days should result, 
since little depressive influence should be in evidence during this time. Figure 3, 
A, shows the means for each hour of the day for the seven days of that period, and it 
will be seen that this pattern is very similar to that for the entire 29-day period. 
Likewise, the hourly means for the succeeding seven days, May 21st to 27th, that is, 
from new moon to first quarter, should also be similar to the means for the entire 
29 days and similar to the pattern for the preceding seven days. Upon examina- 
tion of Figure 3, B, it will be seen that this is true. 
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Figure 2. The average activity per day for seven salamanders over a 29-day period. 
The approximate times of the lunar quarters are indicated. 
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During the next eight days, however, the time of zenith moved from about 6 
P.M. to near midnight. Any zenith-associated depressive influence should be very 
evident during this period. Figure 3, C shows that for these days the lowest levels 
of activity occurred between 6 P.M. and midnight. Evident, also, in this figure is 
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Ficure 3. The average hourly activity of seven salamanders. A. May 14-20 (3rd quarter- 
New Moon). B. May 21-27 (New Moon-lst quarter). C. May 28-June 4 (1st quarter-Full 
Moon). D. June 5-11 (Full Moon-3rd quarter). 
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alow at6 a.m. This was largely caused by a low average value of 2.9 at 6 a.m. 
Consequently, the sliding averages in the region around 6 A.M. are affected. Its 
significance is unknown. 

Finally, the hourly averages for the last quarter of the lunar month are shown 
in Figure 3, D. Once again, depression appears evident, this time between 1 and 
6 a.M., the range over which zenith occurred during the final seven days of this 
study. 

The third method for showing the presence of a lunar rhythm is that which 
has been employed with much success by Brown (Brown, Bennett and Webb, 1954). 
For the purposes of this analytical technique, one may visualize the times of lunar 
zenith, and other corresponding lunar positions, as diagonals running downward 
and from left to right across the daily rows of data in Table I. As pointed out 
earlier, the time at which lunar zenith occurs for any one location is later with each 
successive day by about 50 minutes. Thus, the lunar day is of about 24.8 hours 
duration. A given lunar position completes one diagonal crossing of all the 24-hour 
vertical columns in about 29 days.* 

Any lunar-associated influence may be made apparent if the corresponding lunar 
positions are aligned in vertical columns. Such a manipulation will serve also to 
“neutralize” the diurnal rhythm. To accomplish this, the day-by-day data of Table 
I were shifted to the left an average of about 50 minutes with respect to the pre- 
ceding day. That is, day 1 was left in its normal hourly relationship, as was day 
2, also. Then days 3 to 7 were each moved one hour to the left with respect to 
the clock hours of the preceding days. The data of day 8 were kept synchronized 
with those of day 7, but days 9 to 13 were each shifted one hour further to the left, 
and so on throughout the 29 days of data. Twenty-four vertical columns were 
retained by transposing, in sequence, the data which extended to the left beyond the 
first value of day 1 to the right side of the table. 

Figure 1, C, shows the results of this analysis. Since zenith occurred at ap- 
proximately 6 A.M. on the initial day of this experiment and all zeniths of the suc- 
ceeding days were aligned with it, the position of zenith is indicated in the sixth 
colunm in Figure 1, C. This analysis provides further evidence that a depressive 
effect, which modulates the diurnal rhythm, is associated with the time of lunar 
zenith. 

DiscussION 


Upon comparison, it will be observed that the amplitude of the average cycle 
represented in Figure 1, A is about twice that shown by Figure 1, B. This differ- 
ence may be explained upon the basis of two possible reasons, both of which may 
apply. When the animals are in alternating light and darkness (Fig. 1, A), the 
persistent rhythm may be amplified due to a direct influence of light intensity on 
locomotion. In continuous darkness the rhythm may fail to attain fullest expres- 


‘ 


sion, being “damped,” but maintaining essentially the same frequency. 

A second contributing cause for the difference in amplitude, and one which, in 
addition, may explain the occurrence of the minor minimum around midnight in 
Figure 1, A, could be that, in the period represented, only the first half of the a.m. 
hours, approximately, were subjected to the postulated depressive lunar influence, 
whereas all hours of the period represented by Figure 1, B were exposed to this 


* The synodical lunar month, the period from one new moon to the next, has a mean length 
of 29 days, 12 hours, 44 minutes, and 2.8 seconds. 
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influence. Thus, Figure 1, B presents the average diurnal rhythm with the lunar 
influence “neutralized,” but nevertheless with lowered amplitude caused by the 
lunar depression. Figure 1, A is possibly distorted, in part, by the lunar influence, 
but most of its values were little affected by lunar depression. 

The rhythm of locomotor activity, as determined in this experiment under con- 
stant laboratory conditions, is undoubtedly similar to the variations in activity of 
this salamander in nature. Park, Lockett and Myers (1931) note that in the 
forest this salamander apparently passes the day beneath logs and stones and be- 
comes active by 8:45 p.m. 

The possession of a rhythm that assists in regulating the activity of the sala- 
mander, as described here, may be of supreme importance for the survival of the 
animal. As we have seen, it appears to have an activity rhythm that is determined 
by two components: (1) the diurnal activity pattern, which tends to keep activity 
minimal during the daylight hours and maximal during the night hours, and (2) 
the lunar modulation, which alters the diurnal pattern so as to minimize activity 
on moonlit nights. Thus, the inference is that the animal forays out of its hiding 
niche on nights when there is little or no moonlight and, hence, when there is less 
exposure to predators. 

Since the period of study extended through only one lunar cycle, it cannot 
be unequivocably stated that the lunar-frequency modulation constitutes a lunar 
rhythm, but due to its close correlation with the lunar cycle and the similarity of 
this modulation with lunar rhythms that have previously been described (cf. Brown, 
Freeland and Ralph, 1955), it appears very likely that it is a lunar rhythm. 

Though there appears to be a causal relationship between the lunar cycle and the 
lunar modification, there need be no direct inductive influence of the moon affecting 
the organisms. Diurnal rhythms show a causal relationship to the day-night cycle, 
but, as several studies have shown, the phase relationships of rhythms to the day- 
night cycle need not be fixed. Thus, the apparent “influence” of the moon on the 
activity rhythm may be only a persisting behavioral pattern that continues after 
the inductive influence of the moon is removed. Just as the 24-hour solar cycle 
may be impressed upon the activity pattern, likewise the 24.8-hour lunar cycle may 
also be impressed upon the pattern. The two frequencies together would appear 
largely to determine the overt expression of activity. 


The author wishes to express his appreciation to Dr. F. A. Brown, Jr., for his 
helpful suggestions concerning the manuscript. 


SUM MARY 


1. The salamander, Plethodon cinereus, shows a diurnal rhythm of locomotor 
activity, both in alternating 12-hour periods of light and darkness, and in continuous 
darkness. 

2. The diurnal rhythm is strongly modified by a depressive influence that is 
apparently associated with the time of lunar zenith. 

3. The activity of the animal at any given time is a function of the diurnal and 
lunar influences operative at that time. 

4. The significance of the rhythm to the animal in nature is discussed. 





ACTIVITY RHYTHM IN SALAMANDERS 


LITERATURE CITED 


Ascuorr, J., 1952. Frequenzanderungen der Aktivitatsperiodik bei Mausen im Dauerlicht und 
Dauerdunkel. Pfliiger’s Archiv, 255: 197-203. 

Brown, F. A., Jr., 1954. Persistent activity rhythms in the oyster. Amer. J. Physiol., 178: 
510-514. 

Brown, F. A., Jr., M. F. BENNETT AND H. M. Wess, 1954. Persistent daily and tidal rhythms 
of O.-consumption in fiddler crabs. J. Cell. Comp. Physiol., 44: 477-505. 

Brown, F. A., Jr., M. FrincerMAn, M. I. SANDEEN AND H. M. Wess, 1953. Persistent diurnal 
and tidal rhythms of color change in the fiddler crab, Uca pugnar. J. Exp. Zool., 123: 
29-60. 

Brown, F. A., Jr., R. O. FREELAND AND C. L. Rapa, 1955. Persistent rhythms of O, con- 
sumption in potatoes, carrots and the sea-weed, Fucus. Plant Physiol., 30: 280-293. 

Harker, J. E., 1956. Factors controlling the diurnal rhythm of activity of Periplaneta ameri- 
cana L. J. Exp. Biol., 33: 224-234. 

KLEITMAN, N., 1949. Biological rhythms and cycles. Physiol. Rev., 29: 1-30. 

Korrinca, P., 1947. Relations between the moon and periodicity in the breeding of marine 
animals. Ecol. Monogr., 17: 347-381. 

Marx, C., anD C. Kayser, 1949. Le rhythme nycthémeral de I’activité chez le lézard (Lacerta 
agilis, Lacerta muralis). C. R. Soc. Biol., 143: 1375-1377. 

Park, O., J. A. Locketr anp D. J. Myers, 1931. Studies in nocturnal ecology with special 
reference to climax forest. Ecology, 12: 709-727. 

Ratpu, C. L., 1957. Persistent rhythms of activity and O2-consumption in the earthworm. 
Physiol. Zool., 30: 41-55. 

Rao, K. P., 1954. Tidal rhythmicity of rate of water propulsion in Mytilus, and its modifiability 
by transplantation. Biol. Bull., 106: 353-359. 

SzyMANSKI, J. S., 1918. Die Verteilung von Ruhe- und Aktivitatsperioden bei einigen Tierarten. 
Pfliiger’s Archiv, 172: 430-448. 

We su, J. H., 1938. Diurnal rhythms. Quart. Rev. Biol., 13: 123-139. 











STUDIES ON THE EFFECTS OF IRRADIATION OF CELLULAR 
PARTICULATES.’ II. THE EFFECT OF GAMMA RADIATION 
ON OXYGEN UPTAKE AND PHOSPHORYLATION 


HENRY T. YOST, JR. AND HOPE H. ROBSON 
Department of Biology, Amherst College, Amherst, Massachusetts 


It is now well established that dilute solutions of many enzymes are readily 
inactivated by ionizing radiation and that the presence of solute molecules, other 
than enzyme, decreases the effect of the radiation (Barron, 1954). Since the 
classical experiments of Dale (1940, 1942), it has been possible to explain the effects 
of low dosages of radiation on the basis of interactions between the protein molecule 
and the ionization products of water. These findings have led to the discovery of 
important facts about radiation damage and about the nature of enzymes. However, 
an important question is raised by this work; that is, are we able to draw valid 
conclusions about the biological effects of radiation from such studies? It is evident 
that cellular enzymes are not in a pure state, nor are they as dilute as is necessary 
to achieve effects in some cases. This makes it necessary to investigate the effects 
of radiation on enzymes under conditions which approximate those of the cell. 

There are two obvious ways to do this. The most usual method is to radiate 
a whole organism (or cell) and then determine the enzymatic activity after radia- 
tion. The results of such work indicate that the damage to enzymes by lethal 
doses of radiation may be negligible (LeMay, 1951). However, there are a number 
- of obvious difficulties in such work; and since the organisms do die eventually and 
do show loss of respiration in some cases (Barron, 1954), one is left with an un- 
satisfied feeling. For this reason, it seemed advisable to study the effects of 
ionizing radiation on cellular particulates (Yost, Robson and Spiegelman, 1956). 
The particulates of intermediate size (mitochondria) offer several interesting possi- 
bilities for such investigations: they can be isolated from the cell in good condition; 
they contain a large number of vital enzymes; they have a definite structure to 
which some of the enzymes are attached; the enzyme studied would always be in 
an environment similar to, if not exactly the same as, that in which it finds itself 
within the cell; and most important, the particulate is sufficiently large that one 
might assume that a major part of the damage done to enzymes within the particu- 
late would result from the passage of the ionizing “particle” through the mito- 
chondrion itself. This would mean that the effects of the radiation on the enzyme 
studied would be the same whether the mitochondrion was extracted or within the 
cell. 

The experiments reported in this paper had a two-fold purpose: the establish- 
ment of a dose-inactivation curve for an enzyme known to be closely associated with 
the structure of the particulate, and the determination of the effect of ionizing 
radiation on the phosphorylation mechanism. Cytochrome oxidase was chosen as the 


1 This work was supported by a grant, No. C-2154, from the National Institutes of Health. 
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test enzyme since it is known to be closely bound to the particulate and therefore 
might be an indicator of effects of the radiation on the particulate as a whole, and 
since it is of vital importance to the electron transport system. Furthermore, the im- 
plication of the cytochrome system in the production of mutations by ionizing radia- 
tion (Haas et al., 1954) suggests this enzyme as an excellent starting point for the 
investigation of the effects of radiations on cells. 


MATERIALS AND METHODS 


White laboratory rats were starved overnight and sacrificed by a blow on the 
head. The liver was removed and placed in cold 0.85% KCl, where much of the 
blood was washed free. The liver was weighed and pressed through a bronze screen 
to remove connective tissue. The resulting mash was then suspended in 50 ml. of 
cold 8.5% sucrose containing 0.005 M disodium versenate and homogenized in a 
glass homogenizer with a “Teflon” pestle driven by a cone-drive stirring motor. 
The mitochondria were then separated from the rest of the homogenate by the 
method of differential centrifugation (Schneider, 1948). The mitochondrial frac- 
tion alone was kept. 

In the studies of the effect of gamma radiation on the activity of cytochrome 
oxidase, the mitochondria were suspended in 2.5 ml. of sucrose-versenate per gram 
of original liver. For irradiation, a sample of the suspension was diluted 1 in 20 
with distilled water. Five milliliters of the dilute preparation were put in a glass 
cup and irradiated in the beam of a 440-curie Co® source. The radiation was fil- 
tered by a half-inch of lucite to remove beta radiation; the intensity of the radiation 
was 1000 r per minute. Controls were kept in a sheltered alcove outside the 
radiation room under the same conditions as the radiated material. The Warburg 
assays were run with the diluted preparations. 

Treatment of the preparation for the determination of the effect of gamma 
radiation on phosphorylation differed from the above in some respects. The 
initial preparation was made by suspending the mitochondria in one ml. of sucrose- 
versenate per gram of liver. This suspension was then diluted 1 in 20 and radiated 
in a 25-ml. “Lusteroid” centrifuge tube. The controls were treated in the same 
manner, with the exception of the exposure to the radiation. After the radiation, 
control and treated suspensions were centrifuged, and the mitochondria re-suspended 
in one ml. This final suspension was assayed for phosphorylation. 

The cytochrome oxidase activity was estimated manometrically by the method 
of Hogeboom, Claude and Hotchkiss (1946). The main compartment of each 
vessel contained : 0.35 ml. of mitochondrial suspension, 0.1 ml. Sorenson phosphate 
buffer (pH 7.4), 1 ml 1.3 x 10* M cytochrome-e (Sigma, horse-heart) in 
0.85% NaCl, and 0.15 ml. 0.005 M AICI,. The center well contained 0.1 ml. 
5 N KOH, and the side arm held the reducing agent, 0.15 ml. 0.228 M sodium 
ascorbate. 

Estimation of phosphorylation was concluded by a modification of the method 
of Maley and Lardy (1954), using succinate as the substrate. The main compart- 
ment of the vessel contained: 0.3 ml. (30 »M) phosphate buffer (pH 7.4), 0.3 ml. 
0.1 M sodium succinate, 0.8 ml. 8.5% sucrose, 0.1 ml. (0.3 »M) cytochrome-c, 0.3 
ml. (6 »M) ATP (Schwartz, neutral), 0.1 ml. (30 »M) MgSO,, 0.1 ml. (40 
uM) KF, and 0.5 ml. of the mitochondrial suspension. The center well contained 
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0.1 ml. 5 N KOH, and the side arm held 0.5 ml. (20 mg.) of hexokinase ( Pabst). 
To assure that the final pH of the reaction would be 7.0 or higher, the pH of 
some of the more acid reactants was adjusted with NaOH before addition to the 
flasks. Failure to do this results in lowered oxygen uptake and lowered phosphory- 
lation. Readings of the oxygen uptake were taken for 30 minutes, after which 
time the reactions were stopped with TCA and the phosphate determined by the 
Lowry-Lopez method as presented by Glick (1949). 

Assays of oxidase activity were made at 38° C.; assays of phosphorylation were 
made at 25° C. Assays of oxygen uptake were made in triplicate; assays of 
phosphorylation were made in duplicate. All experiments were repeated at least 
three times. 


RESULTS 


Table I presents the data obtained from radiation of mitochondrial preparations 
of differing age. The preparation labeled “Day 1” was radiated on the same day 


TABLE | 


Inactivation of cytochrome oxidase by gamma radiation 


Day 1 Day 2 Day 3 
Dose r 
. Per cent ' Per cent y Per cent 
No. runs uaetivation No. runs mactivetion No. runs maeativetion 
2,500 2 1.8+4.1 6 6.44+3.8 6 5.7+6.0 
4,000 8 4.8+2.4 18 18.9+2.9 4 8.7+42.2 
5,000 13 9442.9 18 8.8+2.1 12 10.2+4.4 
10,000 6 10.5+2.2 10 6.5+1.8 9 10.5+2.6 
12,500 S 16.74+2.4 8 25.7+4.0 10 27.143.2 
15,000 14 17.442.9 17 26.7+2.0 7 26.5+1.6 
20,000 19 29.9+2.4 16 29.742.3 16 26.7+2.1 
30,000 5 41.343.5 11 34.642.5 6 31.0+6.5 
40,000 6 49.14+2.8 10 42.844.5 12 34.143.3 


that it was extracted ; the preparation labeled “Day 2” was radiated on the following 
day; etc. These data show that cytochrome oxidase is extremely resistant to 
gamma radiation. This is in accord with the earlier studies of Barron ef al. 
(1949). Nevertheless, although the data are extremely erratic below 10,000 r, 
some effect is achieved with doses as low as 2500 r. There is little indication that 
a maximum has been reached at 40,000 r. It is necessary to comment on the 
variability shown by the data. The figures are averages of several runs done with 
different rats. We have found that preparations from different rats give different 
results. In the case of the data obtained with 4000 r, Day 2, the inactivation 
varied from 12.1 per cent to 36.5 per cent. Whether this intrinsic variability is the 
result of differences in age, sex, or physiological condition, we are unable to judge 
at this time. In addition, there is always the problem of variation in the con- 
centration of the preparations. All dilutions are made from suspensions made up 
as 2.5 ml. per gram of liver extracted. There is no reason to suppose that the 
number of mitochondria will be the same in each case. Until studies are done in 
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TABLE Il 


The effect of aging on the inactivation of cytochrome oxidase 





Morning Afternoon 
Dose r — — — —— 
No. runs Per cent inactivation No. runs Per cent inactivation 
5,000 4 0.0+2.0 4 16.9+2.0 
15,000 + 7441.5 4 21.942.4 
20,000 t 24.544.5 4 39.641.8 


which the number of mitochondria in each sample are the same, no conclusions can 
be drawn about the variability between rats. 

The data in Table I indicate that the preparations become more sensitive to low 
doses of radiation with time. On the first day, a dose of 2500 r produces little or 
no inactivation ; on the second day, it produces about 6 per cent. This is shown in 
a much more striking manner in Table II. In this case the data from some runs 
done on the first day are broken down into those done in the morning and those 
done in the afternoon. In all cases, a preparation was radiated in the morning and 
afternoon, the only difference being the age. It is evident that when the mito- 
chondria are first extracted they are much more resistant to radiation, particularly 
at the lower doses. At high doses, Table I indicates that there is a progressive 
decrease in sensitivity with age. Intermediate doses are erratic. As a result of 
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Ficure 1. Inactivation of cytochrome oxidase by gamma radiation. Points represent 
means, with standard errors shown as limits. Preparation radiated the same day it was ex- 
tracted. The dotted line represents the best fit of a regular curve. 
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this aging effect, the inactivation curve shown in Figure 1 was constructed on the 
basis of the first-day results only. 

The data presented in Table III show that the oxidative phosphorylation 
mechanism is far more sensitive to radiation than cytochrome oxidase. All runs 
were done with a fresh preparation. There is no appreciable difference in the age 
of the preparations. In this case, each run represents a different rat, so that the 
variability results from this alone. It can be seen that there is little effect of the 
radiation upon the oxygen uptake in any case. The stimulation of phosphorylation 
by 2500 r is slightly greater than would be expected on the basis of increased 


TABLE III 


Inactivation of phosphorylation by gamma radiation 


Phosphate uptake: 
O2 uptake, 


Dose Per cent decrease No. treated | Co 
@ decrease 


Controls Treated 


2,500 6.6+1.0 6.8+0.64 —3.0 10 —9.3 

5,000 8.0+1.3 7.5+1.1 ; 10 9 
10,000 6.7+1.1 5.1+0.62 3. 10 
15,000 9.141.4 6.4+0.47 29. 11 
20,000 9.2+2.5 4.44+1.3 52. 3 
30,000 11.8+2.6 4.9+1.0 58.5 3 
40,000 6.2+0.93 1.7+0.36 ; 6 


an 


we Uw ui 


oxygen uptake, when calculations are made using a theoretical P:O ratio of 2 
for succinate. 
In all tables the data are shown as means = standard error. 


DISCUSSION 


The data presented in this paper indicate that the inactivation of cytochrome 
oxidase by gamma radiation follows an irregular course. In all cases, there is a 
plateau reached at 5000 r to 10,000 r, followed by a sharp increase between 10,000 
rand 12,500 r. The plateau is not lost upon aging (if anything, it is intensified) ; 
nor is it absent in fresh preparations. Table II indicates that in very fresh prepa- 
rations there is a sharp increase between 15,000 and 20,000 r. It appears that 
the age of the preparation merely increases the dose necessary to cause the 
“jump.” This observation requires special consideration. In the oxidation of 
cytochrome-c by ionizing radiation, it has been shown that the effects of radiation 
doses below 10,000 r are completely reversible (Barron, 1954). It is possible that 
part of the curve (Fig. 1) between 10,000 r and 15,000 r represents a shift from 
indirect to direct effects upon the particulate. Since we are radiating the entire 
particulate system, we can expect that the terminal oxidase of this system is con- 
stantly being reduced by substrate (either the supplied cytochrome-c or internal 
metabolites). This continual reduction may protect the cytochrome oxidase from 
the effects of the radiation, either during the time of radiation, when it must draw 
upon its internal supplies, or during the assay procedure, when it is supplied with 
a reducing agent which may effect post-irradiation recovery. Support for this idea 
comes from the aging effect shown in Table II. If the oxidase were being pro- 
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tected by materials within the mitochondrion at the time of radiation, we would 
expect that aging the preparation would lead to depletion of the internal stores with 
a consequent lowering of the protective effect. This is what is observed. At 
higher doses this protective effect is apparently negligible compared to the dose 
administered. Thus the effect of the radiation is reduced with age as might be 
expected from the protective effect of particulates whose oxidase has been inacti- 
vated by causes other than radiation. 

It may be argued that the protection is merely the result of the various solute 
molecules which are not removed by washing during the extraction. It is difficult 
to decide whether there is a specific type of protection resulting from the genera- 
tion of “reducing power” from the substrate, or whether there is a non-specific 
protective effect of additional substrate (Dale, 1942). It is clear that the effective 
substance is lost during aging ; therefore, it seems sure that the protective substance 
must be within the particulate to be effective. If the substance were merely lost 
from the mitochondrion, it should be in the suspending medium which is diluted 
before radiation. The same concentration of substance would be present in either 
case. Such considerations raise the question of whether the effects of the radiation 
are independent of the concentration of the mitochondria. It might be suspected 
that only those ionizations produced within a mitochondrion would affect the en- 
zymes within the structure. The particulate is sufficiently large to justify such 
an assumption. However, this does not prove to be the case. It was first estab- 
lished that preparations diluted in sucrose were less easily inactivated than those 
diluted in distilled water. This suggests that the ionization products of water are 
acting on the mitochondrion and that the sucrose is acting as a non-specific pro- 
tective agent. Unfortunately this is not a clear test. The sucrose might be caus- 
ing a change in the osmotic condition of the particulate, so that the protective sub- 
stance (normally lost by aging) is more concentrated within the mitochondrion, or 
is not lost as readily. However, the data presented in Table III indicate that there 
is a dependance upon dilution. It can be seen that in a preparation 2.5 times as 
concentrated as that used to obtain the data in Table I, 40,000 r produce 8.3 per 
cent inactivation of oxygen uptake, whereas they produce 49.1 per cent in the 
dilute preparation. Clearly, 49.1 per cent is much greater than 2.5 times 8.3 
per cent. Studies of intermediate dilutions bear this out. It is necessary to con- 
clude that the effect of radiation upon the particulates is indirect in the sense that 
any solute molecule outside the mitochondrion will exert some protective effect 
upon the enzymes which are internal. Therefore, we must further conclude that 
the effect of the protective substance which is lost upon aging must be the result of 
some action it has within the mitochondrion, and that the loss which occurs with 
age probably results from the destruction of the substance by the particulates. As 
pointed out above, it is impossible to be sure of the mode of action of this protective 
agent, but the generation of materials which keep the enzymes in a reduced condi- 
tion seems a likely mechanism. 

A second explanation of the sudden “jump” in inactivation is that at doses over 
10,000 r the particulate structure is undergoing severe change. This might result 
in the freeing of enzyme molecules, with consequent dilution of protective sub- 
stances or in the loss of function of one part of the system with its release from 
another part. This seems a very unlikely mechanism. The fact that cytochrome 
oxidase can be freed from the rest of the particulate and still retain its activity 
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(Eichel et al. 1950) makes such an hypothesis difficult to maintain. Examination 
of the preparations by phase contrast did not show any radical changes; however, 
any alterations of ultrastructure could only be detected by other methods. 

The dilution effect deserves additional comment. These experiments were 
originally designed in the hope that we would be able to approximate the biologi- 
cal condition. Radiation studies with dilute solutions of pure enzymes are in- 
formative with regard to radiation problems, but somewhat off the point for 
biological problems. No cellular system exists which is a single molecular species, 
Attempts to show that enzyme damage is the cause of radiation death in cells have 
been relatively unsuccessful (LeMay, 1951). On the other hand, the cell is so 
complex that it may die from many different causes, and it is difficult to be sure that 
one is investigating the right system in any particular case. It seemed necessary 
to investigate the problem in a system which had biological characteristics but 
which was not quite so diffuse as a whole cell. The particulates appear to offer 
such a system. It is possible to extract a “package” of enzymes, each of which 
has a relationship to other enzymes in the “package.” The “package” resembles 
a cell in many aspects, but it is much simpler in its total organization. Further- 
more it seemed that it was of sufficient size that only those ionizations produced 
within the mitochondrion would have any effect on the internal enzymes. This 
would be of great importance to the radiobiologist since it would indicate that 
there are sub-cellular bodies which can be considered to be separate from the rest 
of the cell, with regard to radiation damage. The chromosomes are frequently 
considered to be bodies of this type. Unfortunately this does not seem to be the 
case. The data presented in this paper indicate that ionizations external to the 
mitochondrion may cause internal damage, in a system containing only particulates 
and distilled water. It would appear that, at the doses studied, the ionization 
products of water are capable of producing their effects over relatively great dis- 
tances, or that the effects of these products on the surface of the mitochondrion are 
capable of reducing the activity of the enzymes which are internal. This is of 
special interest as it has been suggested that the major effect of radiation on cyto- 
chrome-c is produced by hydroxyl radicals alone (Barron, 1954). Knowledge of 
the exact position of the oxidase in the particulate would be necessary to any final 
conclusion about these effects. However, the difficulties encountered in the ex- 
traction of cytochrome oxidase (Eichel et al., 1950) suggest that the enzyme is 
internally bound. 

From the foregoing discussion, it seems evident that we cannot conclude that 
cytochrome oxidase is damaged to any great extent by radiation doses used in most 
biological studies. It is difficult to know the concentration of the particulates in 
any cell, but it seems that the final suspension used in the phosphorylation studies 
(one ml. per one gm. liver) would best approximate the natural condition in liver 
cells. At no time was radiation given to particulates at this dilution. The strong- 
est preparation ever used (during radiation) was 20 times diluted. At this dilu- 
tion (Table III) there is little inactivation at 40,000 r. It is interesting that the 
effect on the oxidase seems to be the same for a wide range of doses. It is possible 
that in any dilution some small fraction of the activity would be lost, but this seems 
to be an unlikely cause of cell death. It is necessary to note that many cells do not 
have the high concentration of particulates which liver has. In these cases the 
effective doses necessary to inactivate cytochrome oxidase might fall within the 
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limits of biological experimentation, even with the protective substance of the 
cytoplasm present. In highly organized forms, the failure of one part may result 
in the death of the whole, so that damage to this system might im some cases result 
in death. This is particularly true of the forms which require fantastic doses of 
radiation to induce lethal changes. 

When one considers the data in Table III, it becomes apparent that the oxygen 
uptake may be a faulty criterion for estimate of the health of a cell. These data 
show quite clearly that the phosphorylation mechanism is much more sensitive than 
the oxidase. Here we have a case in which over 70% of the ability to conserve 
energy as organic phosphate is gone with no apparent effect on the oxygen uptake. 
Considering the vital role of this system in the life of the cell, it seems quite probable 
that disruption of vital processes would result from the loss of 25 per cent (or less) 
of the ability to phosphorylate. We do not know how prevalent this loss is in the 
whole system. In these studies only the uptake which resulted from the oxidation 
of succinic acid was measured. It is possible that the whole phosphorylation 
mechanism of the particulates is damaged. Studies to determine the extent of the 
damage and to determine whether phosphorylation is carried out by a single system 
for all substrates are now in progress. In any case, it is evident that the phos- 
phorylation mechanism is subject to destruction by ionizing radiation and that in- 
activation is achieved in relatively concentrated preparations which are very fresh. 
Although such preparations must be high in the concentration of the protective 
substance found for cytochrome oxidase, there seems to be little protection of the 
phosphorylation mechanism. This may be an indication that the protection 
mechanism is specific for the electron transport system (if not for cytochrome oxi- 
dase itself) or that the phosphorylation mechanism is extremely sensitive to radia- 
tion. 

These data suggest an explanation for several different phenomena which have 
radiation as their sole common element. The phenomena are: induced crossing- 
over, induced tumor formation, and the general protective effect exerted by reducing 
compounds of the cysteine type. It has been suggested that one basis for the 
changes in genetic crossing-over induced by radiation is the alteration in the avail- 
ability of phosphate linkages within the chromosome (Yost and Benneyan, 1957). 
It is evident that alterations in the phosphate pool of the cell must result from the 
type of damage described in this paper. Indeed, it is to be expected that such 
changes will have drastic effects on the chromosome structure, as many studies 
have already indicated (Haas et al., 1954). It is also possible that some radiation- 
induced tumors are the result of the uncoupling of the oxidative metabolism of the 
cell. This could result in a situation similar to that which Warburg has suggested 
several times (Warburg, 1956). In cases in which oxygen uptake alone is meas- 
ured, there is no assurance that the phosphorylation mechanism is functioning. 
Lastly, the general effect of reducing agents may be more than the maintenance of 
vital sulfhydryl groups. It is possible that the actual utilization of these compounds 
as reducing agents in the general metabolism will result in the protection of many 
non-sulfhydryl systems of the cell. 


SUM MARY 


Data are presented which indicate that the phosphorylation mechanism is much 
more sensitive to gamma radiation than cytochrome oxidase. It is suggested that 
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the utilization of substrates by enzymes within the particulate may protect these 
enzymes against ionizing radiation. Various consequences of these findings are 


discussed. 
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